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LEGAL DISCLAIMER
This report was prepared as an account of work sponsored by
an agency of the United States Government. Neither the
United States Government nor any agency thereof, nor any of
their employees, nor any of their contractors, subcontractors
or their employees, makes any warranty, express or implied,
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accuracy, completeness, or any third party's use or the results
of such use of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency
thereof or its contractors or subcontractors. The views and
opinions of authors expressed herein do not necessarily state
or reflect those of the United States Government or any
agency thereof.
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CHAPTER I. INTRODUCTION

A. PURPOSE, SCOPE, AND AWAENT OF MANUAL

1. Purpose and Scope

The.Uranium Recovery Technical Manual has been prepared to provide
a documentation of the fundamental technical bases and general features
of uraniumrecoverysfacilities (including uranium removal facilities,
the TBP Pl'nt, -and. the .U03 Plant) at Hanford Works. The manual is
intended for use as .a means for training and educating personnel unfeail.
iar with the processes and as a reference handbook for the use of
personnel-responsible for the operation-of the plant.

The material contained in this manual was assembled by Chemical
C= Development, .Separations Technology Unit, between December 1950 and

October 1951,

2. Arrangement

The manual is divided -nto -fve parts as follow: -

Introduction
Process

II Plant end Equipment
17 Process Control

Safety

Part I contains a. aummarq -of general .information about the plant and
procesa and is designed to, provide the reader with a synoptic view as an
aid in .derstanding the subsequent parts.

Part II contains. a atep..byatep description of the processes with
statements and discussions of the scientific and engineering principles
involved, and outlines, of procedure, including remedies for any off-
standard conditions.

Part, III describes the. plant layout, equipment arrangement, and individ..
ual equipment pieces.

Part IV describes the instruments and analytical methods used for
process control.

Part V describes process hasards and the methods-used to safeguard
against them.

Each part contains one or more chapters. A total of twenty-four chap-
ters is includ d in the five parts.

DECLASSIFIED vo



SW' DECLASSFt w
Pages are numbered to designate the chapter number (i.e., Chapter I

page numbers begin with 101, Chapter II with 201, etc.). A table of
contents is listed on the first page of each chapter. Tables and figuzos
are located at the end of each chapter, the tables preceding the figures.
The tables are numbered in one separate series for each chapter; as are
the figures (e.g. Tble II.-, Table II-.2, followed by Figure 11-1,
Figure 11-2, etc.S. Referendes to material containing more detailed
information on specific--points are listed at the end of chapters to which
they are pertinent, just- before the tables and figures.

A subject index, in alphabetical order, is included in the back of
the manual for quick reference to specific points.

B. FUNCTION OF THE PLANT

C1. General
z2

The function of the Uranium Riccovery Plant is to produce a rela-
tively pure uranium trioxide powder from the uranium irradiated in the
Hanford piles and processed, for plutonium recovery, through one of
the Bismuth Phosphate Plants or the Redox Plant.

The uranium from the Bismuth Phosphate Plants is stored .in under.
ground tanks in the form of a uranium-bearing waste, consisting of
sludge and supernatant liquor which cnntain a large fraction of the
radioactive fission products and tracei of the plutonium formed in the
pile-irradiation of the uranium. Facilities for removal of this
uranium waste from underground storage constitute one of the three major
components of the plant.

The second major component of the Uranium Recovery Plant is the TBP
Plant, in which the uranium in the waste removed from underground
storage is decontaminated from the fission products and residual pluto-
nium by- a solvent-extraction procss,

The third major component of the Uranium Recovery Plant is the UO3Plant, in which uranyl nitrate solutions produced by the TBP and Redox
Plants, meeting the required purity and radioactivity specifications,are converted to uranium trioxide (U03) powder by calcination.

2. Design Production Capacity and Yield -

2.1 Uranium removal facilities ad TBP Plant

The uranium removal facilities and the TBP Plant are designed to
process the approximately 5900 short tons of uranium in underground
storage (as of January 1, 1952) at an average rate of 8 short tons/day.The maximum instantaneous production rate used as the design basis isbased on an assumed 80% operating time efficiency, i.e., 20% down timefor repairs, maintenance, etc. Thus the maximum instantaneous designproduction capacity is 10 short tons of uranium per day. The removal

DECLASSIFIED W



DECLASSIFIED S
facilities and the TBP Plant are designed to recover at least 95% of the
uranium in underground storage. The estimated uranium loss in the TBP
Plant alone, at a 1O..ton/day instantaneous uranium processing rate, is
about -1.

Uranium removal and processing trough the TBP Plant at instantaneous
rates as low as 2.5 tons/day is feasible (with only one of two parallel
TBJPlant processing lines operating). Operation at rates exceeding the
mpximum instantaneous design production capacity is also feasible, with the
sacrifice of a few per cent more uranium loss in the waste stroamso The
estimated TBP"Plant uranium loss at 12 tons/day (instantaneous rate) is
about 2 to 3%, as conpared with about 1% at 10 tons/day.

2.2 U3_Plant

The UO3 Plant is designed for an average production rate of up to 10.5
C- short tons of uranium per day ... 8 tons/day from the TBP Plant and 1 to 2.5

tons/day from the Redox Plant . with an estimated yield of over 99%. The
C' maximum.instantaneous production rate used as the design basis is based

on an assumed 80% operating time efficiency, the samo as 2or the rest of
tho Uranium Recovery Plant. Thus the maximum instantaneous design produc.
tion capacity is 13.:.25 short tons of uranium por day. The U0 3 Plant may
be operated. at ay ;::-oduction rate below full capacity. The extent to
which the production rate may be increased above the maximum instantaneous
design capacity is subject to technical considerations discussed in Chapter
VIII and cannot be reliably estimated at the time of this writing.

3. Feed Material

The feed to the Uranium Recovery Plant consists of uranium wastes
from the Bismuth Phosphate Plants and the uranium product of the Redox
Plant.

3.1 Uranium wastes from Bismuth Phosphate Plants

The Bismuth Phosphate Plants have been used since start-up of Hanford
Works in 1944 for recovering plutonium from uranium slugs irradiated in the
Hanford piles. The uranium accopanied by the bulk of the radioactive
fission products is discharged from the Bismuth Phosphate Plants in a
slightly alkaline metastable waste solution (with a pH of about 10.5),
composed of the following ingredients in the approximate proportions
indicated:

Constituent Lb./Short Ton U

UNH 4220
170 to 210

H2 24700 to 810
H3 P 730 to 1110

NN 130 to 210
NaOH 1560 to 160o
Na 2 003 3960 to 4o6o
H20 about 27,000 to 28,000

DECLASSIFIED
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The waste volume associated with 1 ton of uranium is about 4000 gal.

The metastable waste solution is stored in underground tanks, where
solida . mainly complex sodium uranyl phosphocarbonates - separate and
settle down, forming a sludge. About 75% of the uranium is contained in
the sludge and the remaining 25% in the supernatant liquor. The feed to
the'Uranium Recovery Plant comprises both the sludge and the supernate.

The fission-product radioactivity associated with the uranium is a
function of* the irradiation history of the parent slugs and of the time
elapsed since irradiation. The ranges of radioactivities involved are
approximately as follows:

Irradiation
Level,

Mw.-Days/Ton

200

200
400

Fission-Product
Radioactivity
(Theoreticali
Curies/G. U

neta Gamma

2.8x10-3

1.1x10-2
1.9xlo- 2

6xl0" 4

3. 9xfl 3

6.5xlc-3

Remarks

Oldest, least radioactive
waste available.

This is approximately the
most highly radioactive
feed that can be success.
fully decontaminated from
fission products in the
TBP Plant to meet specifi-
cations for recovered
uranium.

The plutonium content of the uranium wastes is about 2 to 4 grams
per ton of uranium.

For more detailed information on the nature and composition of the
uranium wastes the reader is referrcd to Chapter II.

3.2 Uranium product of the Redox Plant

The uranium product of the Redox Plant, as received for processing in
the U0 3 Plant, is an aqueous solution of approximately 60 weight per
cent UNH (uranyl nitrate hexahydrate). This UL1H solution is sufficiently
free of both radioactive and non..radioactive contaminants to require no
purification before concentration and calcination. A typical analysis
is as follows:
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Constituent Approximate Concentration

Eeta.ea tting fission producta Less than 10"7 (theoretical)
curies/g. U' (0% of natural
uranium beta)

Gnewsm- tting finas products Less than 5 x 1i-8 (theoretical)
curies/g. U (300% of natural
uranium ganma)

PN 10 parts/billion parts U
H NO} 10,000 p.p~m.*
1a 1,000 p.p.m.
Al 1,000 p.p.m.*
Fe 1,000 p.p.m.*

re *)Based onU.

4. anim Product (Ua3) -

The pdrndfrom' the t1 b ycess is dry, powdered Uranium trioxide
(j3). Product qualitc pfations are not available, at this writing.
T expectpe composition and properties of the recovered uranium tri-
adcl& ar6 4pprximatey as follows (based on uranium from the Redox and
Il riant cMje in the rataiof 2.5 tons to 8 tons):

" rConcentration or Value

hf a producta 8 x 10- (theoretical) curies/g.
U (2 of natural uranium beta)

Momisilm - nfiessm Prductit 4 c r 1 (theoretical) curies/g,
U (240% of natural uranium
gamma)

S. Lea than. 100 p.p.b.
Na0 p.o.m.

U-0 Epp 5k0 p.p.m. .
'~sr '&i. ufO p.p.n.

3, Mo fr,,V, Si, &, fl 1 Jn p.p.m. each

92q Less than 0.%
3.O.1 t 0.3%

. . (.rt.. .V) At least 07%
"artdc~eafme t- More than &0% through 80 mesh

2 'edISi -3. tot i.X g./cu.cn.

a 4. e. cm.

4 -horrceaes forr thn Aepeartioa of plutoninm frem the uranium and
rt aaprodts witb uich it is associated in the

uram alugs Z= h flOrea pile operations are used at
Ah b*m+#, procesa, which has been in operation

thm stdulad to begin processing pile.

VIMMESai / -.
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1. Bismuth Phosphate (BiPOi) Process

The bismuth phosphate process separates only plutonium from the
pile-irradiated slugs. The uranium, still associated with the bulk
of the fission products, is stored in underground tanks to await
recovery,

The primary principle upon which this process is based is that
plutonium in the.17 valence state may be carrier-precipitated on a
BiP%4 or LaF3 cake, while when in the VI valence state it remains in
the supernatant liquid when BiPOh or LaF3 is precipitated from solution.

A brief description of the process is given below:

(a) The irradiated uranium slugs are dissolved in nitric acid,

(b) Pu(IV) is carrier-precipitated with BiPOt from the metal
solution. The uranium-bearing supernate is neutralized axid
seit to underground storage tanks as the BiPO4 Process first
extraction cycle waste. The Pu-BiPO4 cake is dissolved in HN03.

(c) The fission..produce radioactivity still associated with the
plutonium is further reduced by processing the plutonium
through two "decontamination cycles". Each cycle consists
of two BiP%0 precipitations; the first from a Pu(VI) solution
so that the plutonium remains in solution, the second from a
Pu(IV) solution so that Pu is carried on the BIPO4 .

(d) The Pu from the last "decontamination cycle" product cake is
dissolved in HNO3 and oxidized to Pu(VI). BiP04 and LaF3, in
turn, are then precipitated to achieve additional decontamina".
tion of the p;lutonium from fission products.

(e) The Pu is reduced to the (17) valence state and carrier.
precipitated with LaF3. The LaF3-Pu cake, now decontaminated
from all but slight traces of the fission products, is
metathesized to the hydroxide with KOH and then dissolved in
HNO to obtain a product solution suitable for the final
isolation process.

A complete description of the bismuth ph9sphate process is containedin Section C of the H.E.W. Technical Manual(l),

The neutralized supernate from the first BiP04 precipitation, whichcontains the uranium and about 9&% of the fission..product radioactivityfrom the irradiated slugs, is one of the feed materials to be processedin the Uranium Recovery Plant.

2. Redox Process

The Redox process recovers both plutonium and uranium from pile.irradiated slugs. Redox is a solvent-extraction process, employing an

O DECLASSFIED sma
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immicible organic solvent, hexone (methyl isobutyl ketone), as an extraotant
for both plutonium and uranium. The primary principles upon which this
process is based are: (a) uranyl nitrate and the nitrates of plutonium in
theIV or VI valence state can be made to distribute preferentially from an
aqueous phase into hexone by the addition of a salting agent (aluminum
nitrate) to the aqueous phase and (b) plutonium in the III valence state and
the fission products always favor the aqueous phase, even when the aqueous
phase contains high concentrations of salting agents.

A brief description of the Redox process is given below:

(a) The irradiated uranium slugs are dissolved in HNO 3 , The metal
solution is then partially decontaminated from the fission producdt
Ru, Zr, and Nb by "head.end" treatment procedures (oxidation of Ru
to the volatile oxide, Ru0j4 , which is removed by sparging; and
scavenging bf the solution with coformed MnO2 , which carries Zr
and Nb and is removed by centrifugation).

(b) The metal solution is separated into three aqueous streams in the
First Solvent..xtraction Cycle. These streams contain respectively
essentially all the plutonium, essentially all the uranium, and the
bulk of the fission products. The separation is effected as
follows: U and Pu are extracted into hexone in the first extraction
contactor (IA Column) while the bulk of the fission products are
carried into the aqueous waste stream. The herone-phase effluent
from this column flows to a second contctor (IB Column) where
plutonium is reduced to the III valence state and thus leaves in
the aqueous effluent while the uranium leaves in the hexone, The
uranium is then stripped into an aqueous stream (possible because
the aqueous phase contains no salting agent) in a third contactor
(IC Column).

(o) Both the uranium and plutonium streams from the First Solvent.
Extraction Cycle are then given their final decontamination treat-
ments in the Second and Third Urinium and Second and Third Plutonium
Solvent-Extraction Cycles, Each cycle contains an extraction
column for the separation of the U or Pu from fission products and
a stripping column to place the U or Pu back into an aqueous phase.

After passing through the third Redox solvent-extraction cycles (or,
possibly, after the second cycles) the uranium solution is decontaminated
sufficiently to be fed directly to the UO3 Plant and the plutonium solution
is suitable as feed to a final isolation process.

A complete de cription of the Redox process may be found in the Redox
Technical Manual(23.

D. PRINCIPLES AND OUTLINE OF THE URANIUM RECOVERY PROCESS

The uranium recovery process is designed to recover the uranium from
the uranium..bearing effluents of the Bismuth Phosphate and Redox Plants in
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a form suitable for shipment off.site. The uranium recovery process is
composed of three component processest the removal of bismuth phosphate
process uranium wastes from underground storage, the decontamination of
the uranium from the plutonium and fission products with which it is
associated in this waste (TBP process), and the conversion of the decon-
taminated uranium from the TBP and Redox processes to uranium trioxide
powder (003 process). In the following subsections the basic principles
of these processes are briefly explained and the steps which make up
these processes are outlined. This section is intended only as an
introduction to the uranium recovery process, more complete infornation
being contained in Part II (Chapters II through XII).

1. Basic Principles

1.1 Uranium removal from underground storage

The uranium waste from the BiPOh process is removed from the under.
ground storage tanks by sluicing the uranium.bearing precipitate with
its own supernatant liquid.

The uranium wastes from the BiPO4 process are stored in a number
of underground cascade storage tanks. Each cascade contains 3, 4, or
6 tanks, connected at the overflow points, in series. The neutraliza..
tion of this uranium waste to a slightly alkaline condition (pH about
10.5), to prevent corrosion of the mild..steel..lined tanks, has resulted
in the precipitation of a sludge, which contains approximately 75% of
the uranium, mostly in the first tank of each cascade series. This
sludge is readily dissolved in nitric acid, but, because of the rapid
corrosion rates of the steel..lined tanks when in contact with acidic
solutions, the sludge must be removed before acid dissolution. It is
expected that the sludge will be essentially all removed by sluicing
with recirculated supernatant liquid to form a pumpable slurry, an
operation similar to placer mining. An alternative method for sludge
removal is dissolution in water and/or solubilizing agents, such as
sodium bicarbonate.

1.2 TBP process

The TBP process utilizes the referential extractability of uranyl
nitrate by tributyl phosphate (TBP3 to separate uranium from the
plutonium and fission products with which it is associated in the BiPOhprocess wastes.

The sa 4ts of uranium consist chiefly of two classes: (a) the
uranous, U, and the uranyl, U02+2. Uranium is capable of existing
in other valence states, but only the tetravalent vid hexavalent forms
are comparatively stable in aqueous solutions. U+ is a strong reduc-
ing ent; it therefore follows that it is difficult to reduce U02 +2
to U . U0 2 (N0 3 )2 , the product of the dissolution of uranium in
nitric acid, is very soluble in aqueous solutions and forms an organic-
soluble complex with tributyl phosphate (U0 2 (NO)32'(TBP) 2 ). When
aqueous solution are contacted with organic solutions of TBP (i.e.1solutions of TBP in inert organic diluents), the uranium can be made
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to distribute preferentially into the organic phase by adding a salting
agent (nitric acid or a nitrate salt) to the aqueous phase. Under these
conditions, the plutonium, when reduced to the III valence state, and the
fission products still favor the aqueous phase., This preferential distri.
bution, and the non-reducibility of UO2 +2 under conditions where plutonium
is reduced to the III valence state, makes possible the separation of
uranium from plutonium and the fission products- in the TBP process.

1.3 U3 process

The UO3 process utilizes high temperatures to convert concentrated
urayl1 nitrate from the Redox and TBP processes to the solid trioxide, UW3 ,

Urazwl nitrate, UO2 (Oa3) 2 , maW be converted to uranium trioxide, U0 3 ,at high temperatures (approximately 4000?.) by the following reaction:
U0 2 (Noj) 2  ha
= IF' UO3 + nitrogen oxides + oxygen

The exact proportions of the several components of the effluent gases are
Z7NJ dependent upon the conditions of the reaction, temperature being the most

__ important determining factor. This reaction is utilized in the UO3 process
to -convert uranium to a form suitable for shipment off..site.

1.4 Simplified.flowsheet

Pig. I-1 is a simpliied flowsheet for the entire Uranium Recovery Plant.
The path of uranium from the underground storage tanks and from Redox to
the final uranium product is shown across the top of the figure, and is
labeled "Uranium Recovery". The operations illustrated are conducted in
three locations: in the removal facilities at the various BLPO4 process
tank farms, in the TBP Plant,. and in the U0 3 Plant. Also shown are the
flow diagrams for auxiliary processing operations: HNO3 recovery (UOj
Plant), solvent treatment (TBP Plant), and waste treatment (TBP Plant).

This flowsheet shows the code letters used to identify the process
streams entering and leaving the TBP..Plant solvent-extraction columns. For
example, the three feed streams to the decontamination column (the RA
Column) are the RAS (scrub) stream, the RAF (feed) stream, and the RAX
(extractant) stream. The first letter, "R", identifies the uranium
recovr7 process. The second letter, "A", "C", or "O", identifies the
column, i.e., the RA (decontamination), RC (stripping), or RO (solvent
recovery) column. The last letter identifies the stream. Influent stream
abbreviations end in F, X, or S, which stand for feed, extractant, and
scrub, respectively. Effluent streams end in U, W, or 0, which stand for
uranium, waste, and organic respectively. Thus the RAF is the uranium.
containing feed stream to the RA Column and the ROO is the purified organic
effluent from the RO Column.
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the slurry pump because of the dished bottom of the storage
tank, is removed via a steam jet,

If any considerable portion of the sludge cannot be removed
by the above slurrying procedure, it may be dissolved by
adding water or a solubilizing agent such as ammonium or sodium
bicarbonate. The resulting solution may then be jetted to the
accumulator tank.

3. Feed Preparation

The purpose of the feed preparation step is to prepare a feed solution
suitable for the TBP Plant solvent.extraction cycle from the slurry re.moved from underground storage.

The blended sludge and supernate slurry is slowly fed to an agitateddissolver tank containing nitric acid. This tank contains an excessover the mount of acid required to dissolve the sludge. The excessnitric acid acts as a salting agent in the first column of the extractioncycle (RA Column). The "reverse strike" procedure (adding slurry toacid) is used to prevent excessive foaming and an initially high gasevolution rate, which occurs if nitric acid is added to a tank containingwaste slurry.

After dissolving, the acidified feed solution is adjusted inacidity, if required, and concentrated by evaporation to about 70 percent of its original volume if the TBP Plant is operating at TBP.JW No. 4Flowsheet (Fig. 1-2) conditions. The concentrated feed solution isthen centrifuged for the removal of ar solids. The resulting solutionis suitable as feed to the RA Column. A typical analysis (TBP-4W No. 4Flowsheet) is as follows:

Component Molarity

UN! 0.27
.+ 2.96Na2 4.07

0.26PO4-3 0.26
NO3 - 5.71C1- 0.023

It is also possible to use unconcentrated feed to the RA Column. Thisscheme is shown on the TBP-a$1 No. 5 Flowsheet (Fig. 1-3).
4. Solvent-Ftraction

4.1 Introduction

The purpose of the TBP solvent-extraction cycle is to separate theuranium teed solution into two aqueous streams, one containing decontam..inated uranyl nitrate cnd the other containing the radioactive fission
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'1.5 Decontamination

The main function of the TBP Plont solvent-extraction battery is
to decontaminate the uranium-bearing feed from fission products and
plutonium. The factor by which the concentrations of radioactive
contaminants is reduced is termed the "decontamination factor" (D.F.),
which may be expressed mathematically as follows:

D.F. = Radioactivity (or plutonium) initially present
Radioactivity (or plutonium) present at step in question

Either the gamma or the beta radiations may be used as an index of the
-fission product radioactivity present, and the decontamination factor
thus determined is termed a "gamma D.F." or "beta D.F." The D.F. based
on plutonium is- termed the "Pu DF." A logarithmic method of expressing
decontamination factors is also used, and is related to the D.F. by-
the following expression:

dF a log1 0 (D.F.)

Therefore a D.F. of 105 is equivalent to a dF of 5, D.F. 20 equals
dF 1.3, etc.

2. Uranium Removal From Underground Storage

The purpose oi the waste removal facilities is to remove and, as
much as possible, homogenize the waste uranium sludge and supernate
from- the BiP04 process underground storage tanks. This is accomplished
by sluicing the sludge with high-pressure streams of supernate to form
a removable slurry.

The removal of uranium from each series of cascade tanks is carried
out as follows:

(a) The supernate in each series of cascade tanks is circulated
through each tank in the cascade until it attains a uniform
composition.

(b) The supernate is pumped from the first tank in the series to
a storage tank, thereby uncovering the precipitated sludge.

(c) The sludge is then slurried by a process of sluicing, using
supernate pumped at 100 lb./sq.in.ga. pressure through
nQzsles inside the tanks. The slurry formed in this manner
is pumped to an accumulator tank, where the solids partial~y
settle out0 The supernatq is continually reused for sluicing
until the correct concentration of solids (about 1 part solids
to 7 parts supernate) is reached in the accumulator tank,

(d) The slurry is then' transferred from the accumulator tank to a
dissolver tank containing HN03 .

(e) Steps (c) and (d) are repeated until the waste storage tank
is nearly empty. A slight heel, which cannot be reached by
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products and other -undesirable ions which are associated with the
uranium in the underground waste storage tanks.

The solvent.extraction cycle has been designed to operate under
the conditions of either the TBP.JW No. 4 (Fig. 1-2) or the TBP-JW
No. 5 (Fig. 1-3) lowsheets or modifications of either which may
include the processing of feeds made up from slurries containing any
ratio of sludge to supernate. Operation on dilute solution (such as
supernate alone) may, however, necessitate a reduced uranium process-
ing rate. The outline presented under 4.2, below, is based on the
TBP.JiW No. 4 Flowsheet (Figure I-2). However, it also applies to
the TBP.2W No. 5 Flowsheet or other variations which may possibly
be used.

4.2 Solvent-extraction flowsheet description

rM The concentrated feed solution from the feed preparation step
cn (RAF) is continuously pumped to the RA Column. It enters the column

at a feed point intermediate between the top and bottom of the
column. A countercurrent flow of approximately 12.5 per cent TB
dissolved in a hydrocarbon diluent (RAX), introduced at the bottom of
the column, extracts the uranium while the bulk of the fission pro-
ducts, plutonium, and other undesirable ions remain in the aqueous
phase. An aqueous scrub stream (RAS) containing nitric acid is
introduced at the top of the column to scrub residual traces of the
fission products and plutonium from the rising uranium-containing TBP
stream. This scrub stream also contains dhe ferrous ammonium sulfate
and sulfamic acid necessary to reduce plutanium and hold it in the
relatively inextractable III valence state. In this manner the bulk
of the fission products, plutonium, and other undesirable ions
(SOh72 , P04-3, etc.) leave the column in the aqueous effluent (RAW)
and the uranium leaves in the TBP stream (RAU).

The RAU stream, containing uranium and a slight amount of nitric
acid, flows by gravity from the top of the RA Column into the bottom
of the RC Column. In the RC Column the rising organic stream is con.
tacted with a countercurrent downwardflowing stream of water (RCX)
which, because it contains no salting agent, strips uranium back into
the aqueous phase. The aqueous effluent (RCU), containing approximately
6 weight percent U0 2 (NO3) 2 .6H 20 (ie., UNH) is the product stream from
the TB? Plant solvent-extraction cycle and is one of the feed streams
to the UO3 Plant.

The TBP oxtractant stream to the RA Column (RAI) is diluted with
an inert hydrocarbon diluent to form a 10 to 15 volume per cent
solution of TBP for the following reasons:

(a) The density of TBP is approximately the same as water, thus
it must be diluted to a lower density to make countercurrent
flow possible in the solvent-extraction columns.

(b) Higher concentrations of TBP in diluent have less satisfactory
physical properties (ie., density and viscosity) than 10 to
15% mixtures.
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(c) It is more diffidult to strip the uranium from organic solutions

containing higher percentages of TBP.

(d) Use of TBP in concentrations below 10 per cent resulte in more
dilute uranium solutions which require larger processing equip-
ment for a given rate of production.

4.3 Pulse columns

The RA and RC Columns employed in the TBP Plant are a relatively new
type of solvent-extractioti contactor. These columns are filled with per.
forated plates (1/8-in. holes, 23 percent free area), spaced two inches
apart parallel to each other and perpendicular to the axis of the column.
The inlet streams to these columns are fed to the column at constant rates.
However, a cyclic pulse is superimposed on one of the streams by means of
a moving-piston pulse generator. This pulsing forces the organic phase
through the holes in the perforated plates for about one-half of the
pulse cycle and allows the aqueous stream to flow In the opposite direction
during the other half of the cycle. This causes vigorous mixing of $he
aqueous and organic phases, which is very favorable for solvent-extraction.
Because of the pulse flow mechanism involved, these columns are termed
"pulse columns"l.

The pulse column is much more effective per unit height than the
usual packed columns used for solvent.extraction processes, for example
in the Redox process. Thus the RA pulse column in the TBP Plant is only
21 ft. in height as compared to a required height of about 50 ft. for
a conventional packed column capable of the same performance.

Pulse columns were chosen for the TBP Plant so that installation of
the solvent..extraction equipment in the existing 221.U Building Canyon
could be made with only relatively minor structural revisions. Installa.
tion of packed RA Columns would have necessitated deepening the cells
containing the two RA Columns by approximately 30 feet.

5. Concentration of Recovered Uranium

The purpose of the recovered uranium concentration step is to reduce
the volume and increase the concentration of 'the decontaminated TINE solu..
tions from both the TBP and Redox Plants to a UNH concentration suitable
for feed to the calcination pots. The concentration is effected by
evaporating water and nitric acid from the combined solutions.

The UNH solution from Redox (60% UNH) and from TBP (6% UNK) are blended
and held in heated storage tanks, before being fed to the UNH concentrators.
This solution is continuously fed to either one of two first-stage concen.
trators, where it is concentrated to about 55 to 65% UnI. It is then
concentrated to approximately 80 to 100% UNH in a single, small, final
evaporator. This concentrated UE solution is the feed to the calcination
(UO3 conversion) step.

The two-stage concentration of UNH was provided as a means of com.
batting the corrosive nature of hot concentrated TE solutions. The
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first two, large concentrators are expected to withstand the corrosive
effects of boiling UNH solution up to 55 to 65% UNH. The single, small,
final concentrator is considered expendable, and may easily be replaced
when required.

The nitric acid in the overhead vapors from the three UNK concen-
trators is recovered for reuse in the process. These vapors, which
average approximately 2 weight per cent HNO , are fed to the two nitric
acid fractionating columns. Aqueous 40% 1W3, recovered from th
calcination step (see Subsection D7, below) is also fed to these
columns. The bottom effluent streams from these fractionators are
approximately 60 weight per cent HNOj3 This recovered HN0 3 is reused
for slurry dissolution at the uranium removal facilities.

6. Calcination

j.4 The final step in the uranium recovery process is the conversion
(calcination) of the concentrated UNH solution to solid UO . This- is
accomplished in electrically heated decomposition pots at temperatures
of about 4000 F.

The eighteen electrically-heated 55-KW. decomposition pots (used
in parallel) are each filled with about 50 gallons of concentrated
uranium solution (approximately 80 to 100% UNH) from the uranium
concentration step. The pots are heated for about two hours until
the charge reaches a temperature of 40OoF. The temperature is the:
held constant until decomposition is complete, a period of about
three hours. While heat. is supplied to a pot, it is constantly
stirred to prevent caking on the walls of the pot. Gases evolved
from the pots during the calcination step are fed to a nitric acid
absorption column.

The U03 powder resulting from this step is unloaded from the
pots via a pneumatic conveyor system and loaded into drums for
shipment.

7. Nitric Acid Recovery From Calcination

Nitric acid is recovered from the fumes evolved during calcina,
tion and from the overhead vapors from the uranium concentrators
(see above). This recovered nitric acid is reused in the process
for dissolving the uranium slurry in the feed preparation step.

The off-gas from the calcination step is fed, after cooling, to
an HNO3 absorption column, where the NO 2 evolved during the conversion
of UNH to U03 is absorped in water to form HN0 3 , Air from the
bleacher unit (see below) is also fed to the bottom of the column to
oxidize the NO in the entering gas to 1402 and thus permit its absorption.
The acid stream from the abso'rption column is then countercurrently
contacted with air in the bleacher unit, which oxidizes some dissolved
NO to NO2 and sweeps the rest out of solution, to be returned to the
absorption column. The bottom effluent from the bleacher unit,
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containxng approximately 40% HNO3, is fed to the HN0 3 fractionators, where
it joins the overhead vapor from the UN concentrators and is concentrated
to 60% HNO3, suitable for reuse in the process.

B. Solvent Treatment

The 10 to 15 per cent TBP in hydrocarbondiluent solution employed as
the solvent in. the TBP solvent-extraction cycle must be reused for econom.-
ic reasons. The purpose of the solvent treatment step is to treat the
spent solvent so that it is suitable for reuse in the process.

The spent solvent stream from the RC Column (RCw) contains traces of
the fission products and plutonium and also solvent decomposition products
formed as a result of contact of the solvent with process solutions,
Known impurities in the solvent stream, which are deleterious to process
performance, result from the hydrolysis of TBP when in contact with nitric
acid solutions as follows:

(C4H9 )3PFO -4 (ChH 9 )2HP6 - C4H9 H2P04 - H EP04
TBP DBP 1BP

Also, continued exposure of the hydrocarbon diluont to nitric acid solu.
tions may result in the formation of nitrated hydrocarbons, which may
affect process performance adversely.-

The spent solvent is continuously treated.in the RO Column. 'he
solvent, introduced at the. bottom of the column, is countercurrently
contacted with an aqueous scrub solution which removes fission products,
plutonium, and solvent impurities from the solvent. The most effective
composition for the aqueous scrub stream is yet to be determined. Dilute
acids, salts, and bases have all proven effective in "cold" pilot-plant
studies. Tentatively, it has been proposed that a dilute solution of
Na2S0 be used as the scrub solution The aqueous effluent (ROW) from
the RO Column is sent to the waste treatment step. The organic overhead
(300) is returned to the process for use as RAX.

Facilities are also provided for batch-wise chemical treatment of
the solvent with aqueous chemical solutions if additional treatment is
necessary, for adjustment of the TBP concentration, and for the addition
of make-up solvent to replace lost solvent.

9. Waste Treatment and Disposal

-The function of the waste treatment step is to reduce the volume of
wastes which, because of their high levels of radioactivity, must be
confined in underground storage tanks. Other liquid wastes from the
Uranium Recovery Plant, which contain only slight traces of radioactivity,
are discharged to underground cribs (conceritrator and fractionating
column overheads) or discharged to open ditches or ponds (cooling water
and steam condensates) and require no routine treatment.
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The only two highly radioactive waste streams from the Uranium
Recovery Plant are the aqueous waste streams from the RA and RO Columns
(RAW and ROW). These two streams are combined and neutralized with
NaOH before concentration. Neutralization is necessary to minimize
corrosion in the waste evaporator and in the underground storage
tanks. The neutralized waste is concentrated by evaporation and
returned to the underground waste storage tanks which originally
contained the BiPO4 process uranium waste. The volume of returned
waste is approximately the same as the original uranium waste volume.

g6C THE URANIUM RECOVERY PLANT

Two of the three major components of the Uranium Recovery Plant -
the TBP Plant and the U03 Plant are located in the 200 West Area of
the Hanford Works, approximately 30 miles from Richland, Washington.
Parts of the uranium removal facilities are located in both the 200
West and 200 East Areas. A detailed map of the Hanford Works and plot
plans of the 200 East and 200 West Areas are contained in Chapter XIII.
Chapters XIII through XVIII of this manual contain a detailed descrip-
tion of the plant and its equipment.

1. General Plant Layout

The facilities for the removal of underground uranium wastes
are located at the tank farms (2b1-B, -BX, -BY, and -C in the 200
East Area; 21-T., -TI, and 4. in the 200 West Area) filled from the
"B" and 'T" Bismuth Phosphate Plants. Facflities for blending and
dissolution of these wastes are located adjacent to the 2h1-BX and
2141-C tank farms in the 200 East Area and adjacent to the 241..U and
24.1-TX tank farms in the 200 West Area. The TBP and U03 Plants are
located in U Area, a part of the 200 West Area, in Buildings 221..U
and 224-U respectively. These buildings were originally constructed
to be used as a Bismuth Phosphate Plant. All process solution
transfers between these various processing areas of the Uranium
Recovery Plant are made through pipelines enclosed in underground
concrete encasements, Connections to and from these pipelines are
made through reinforced concrete diversion boxes.

There are two other buildings of interest to the Uranium Recovery
Plant in the 200 West Area: these are the 222-S Laboratory Building,
which handles the analytical requirements for the Plant; and the
Redox Plant, Building 202-S, which supplies one of the feed streams
to the UO3 Plant.

1.1 U Area layout

The layout of the U Area (which is a part of the 200 West Area)
is shown on Figure I-4. This layout drawing shows the relative loca-
tion of the TBP Plant (221-U Building), the UO3 Plant (224..U Building),
the 222-U Laboratory (which has no connection with the Uranium Recovery
Plant), and some of the auxiliary facilities.
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The larout of the TBP and U0 3 Plants is discussed under 1.3 and 1.4,
below.

The functions of the auxiliary facilities shown on Figure 1.4 are as
followst

Facility Function

203-U UUH Storage

-203-UX UN Storage

211.U and -AU Tank Farms

2414M Underground Storage
vault

241-UX-154 Diversion Box

270.W Crib Waste
Neutralizer

271-U Service tuilding

275-R tlarehouse

276-U Solvent Make-Up and
Treatment

291U Sand Filter, Fans, and
Stack

2714 Warehouse

'. 1ft4

1- U'

Storage of decontaminated UNH solu-
tions from the Redox and TBP Plants
for feed to the UO3 Plant.

Storage of UN feed to calcination
step. Storage of off-standard
uranium solution from calcination
pots for recycle to TBF Plant or
U0 3 Plant.

TBP Plant chemical storage and
aqueous make-up facilities.

Storage of acidified feed from the
tank farms, concentrated high-

-radioactivity wastes and recovered
HNO3 T'o be routed back to the tank
farms, and low-radioactivity wastes
to be sent to cribs,

Diversion box for routing process
streams to and from the TBP Plant
and the 21-.JR Storage Vault.

Facilities for neutralization of
condensates with CaCO3 before
cribbing.

Contains offices and aqueous make..up
facilities for the TB? Plant.

TBP Plant dry chemical storage.

Facilities for the make-up and
auxiliary treatment of the TBP
solvent.

Disposal of ventilation air from
221-U, 224-U, and "hot" tanks in
241-wR.

Storage of UO3 product.
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1.2 Layout of underground removal facilities

Figure I-5 is a simplified layout drawing of the 2h..U tank far,
2L1-UR removal facilities, and 24..UR Process Tank Vault where the
uranium slurry from the tanks is blended and dissolved. The removal
facilities in this area are similar to those installed at the
241..B, -BX, .BY, -C, -T, and -T tank farms. Process tank vaults
214.BfR, ..CR, at. .TfR, similar to 241..UR, are also installed at the
241t..B, ..C, and-..TI tank farms.

Each uranium.containing tank is equipped with a sluice pit for a
high-pressure sluicing nozzle; a pump pit, for a slurry pump and another
sluicing nozzle; and a heel pit for a steam jet for removing the theel"
of solution from the bottom of the tank. The nine uranium-containing
tanks in this area are connected through three diversion boxes to a
master diversion box 24l.UR..151, which in turn connects to the 244-UR
Process Tank Vault. Returning concentrated waste from the TBP Plant
is also routed through this box. All piping in this area is laid in
underground concrete trenches. The underground waste tanks are
vented through individual vent exhaust systems, comprised of a Fiberglas
filter, exhaust fan, and local stack. The tanks in the Process Tank
Vault are vented through Fiberglas filters to the 291-UR ventilation
fan and stack.

1.3 TBP Plant (221.U) layout

The TBP Plant, Building 221.1., is a multistoried, predominantly
reinforced concrete structure, approximately 810 ft. in length.
Figure 1-6 is a simplified sketch of the building layout.

The building has two major portions: the process portion which
contains the "hot" process equipment and the regulated work zones, and
the service portion which houses personnel and equipment necessary for
remote operation of the process portion.

The Canyon cells house the processing equipment for feed concen-
tration and centrifugation, solvent-extraction, waste treatment, and
solvent treatment. Piping connections between cells are made through
the cell walls and the pipe trench. Because of the large volumes of
solution which must be handled to process uranium at the instantaneous
design rate of ten tons per day, two process lines have been installed
in the building (each capable of processing five tons of uranium per
day) so that the smaller equipment sizes necessary to fit the Canyon
cells could be used. Also, the installation of two process lines was
desirable to give the T3P Plant greater flexibility of operation and
a greater range of feasible processing rate. The function of each
Canyon section (a section contains two cells) is noted on Figure 1-6.

The regulated work zones consist of areas where limited contact
of personnel with radiation and radioactive contamination is allowed
under carefully prescribed and monitored conditions. The Canyon
deck level and the Canyon Crane Gallery are both classed as regulated
work zones. The SWP (regulated work) Lobby (located at the northwest
end of the operating gallery) is the central point used for ontrance
to the Canyon. F_
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The service portion of the building includes the Operating, Pipe, And
Electrical Galleries. Other service areas are located adjacent to the
221-U Building in 271-U.

1.4 UO3 Plant (22s.U)-layout

The U0 3 Plant, Building 224.tI,. is a concrete structure housing the
equipment for UNH concentration, calcination of the UM to UO3, an4 load-
ing of the U0 3 product as well as equipment for the recovery of nitric
acid from the concentration and calcination steps.. A simplified layout
of the building is shown as Figure 1-7.

2. Special Features of the Plant

2.1 Shielding

- The high levels of radioactivity associated with the process streams
necessitates that the underground removal and TBP Plant facilities be

- shielded to prevent personnel from receiving excessive amounts of radia-
tion.

The process equipment at the underground removal facilities is
shielded with earth and concrete. Other outside facilities, such as
process solution storage vaults, diversion boxes, and pipe lines, are
also shielded with earth and concrete. The TBP Plant process equipment
is shielded by the concrete cell walls and cover blocks. The shielding
reduces radiation ititonsiti5 to less than 0.1 mr./hr. in non-regulated
zones and, normally, to less than 1.0 mr./hr. in regulated work zones.

Process solutions and solids in the U0 3 Plant are essentially free
from fission products and therefore require no special shielding. How.
ever, process equipment areas in this building are classed as regulated
work zones since the radiation levels may, in some cases, be as high as
1 to 2 mr./hr.

2.2 Remote operation

The location of the underground removal and TBP Plant process equip.
ment (underground and behind concrete shielding) requires that this equip-
ment be operated by remote control, The remote operational contrpls are
similar to those employed in the Redox process and in highly-automatic
process industries.

Processing operations are, for the most part, controlled from the
Control Houses at the removal facilities and from the Operating Gallery
in the TBP Plant. Some of the processing operations at the removal
facilities, however, are controlled from above the tanks. Some of the
methods and devices employed for remote operation are briefly described
below.

At the underground removal facilities, steam jets and electrically-
operated pumps submerged in the process liquid are used for solution and
slurry transfers. A system of interlocking controls keeps any pump from
overfilling er of the tanks. The slurry pumps in the waste tanks are
raised or lowered by remotuly operated cables, to stay in the correct
position relative to the tank liquid level. The slurrying nozzles,
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moved by an electrically-operated mechanism, my be pointed to spray
any part of the tank bottom. Progress of the slurrying operation may
be viewed through a periscope. Differential pressure instruments
are used to indicate the total weight and specific gravity of solutions
Solutions are sampled via vacuum jets which draw the solutions into
shielded sampler boxes.

In the TP, Plant, solution transfers are also made via steam
jets and submerged pumps. Flow rates of streams which must be closely
regulated are controlled from the Operating Gallery by recording-
controlling instruments which receive an impulse indicating the flow
rate from rotameters (solvent-extraction column streams) and orifice
meters (other streams) and in turn actuate air-operated valves. The
position of the organic-aqueous interface in the columns is controlled
by recording-controlling instruments which are actuated by air-
bubbling dip tubes in the column tops and in turn control the flow
rate of the column aqueous exit stream with an air-operated valve.cn

C_ Agitator, pump, and pulsing unit motors are controlled electrically
in the usual menner. Weight factor and specific gravity instruments
and samplers are operated in a manner similar to those at the removal
facilities.

2.3 Remote maintenance

The process equipment used in the uranium removal facilities and
the TBP Plant is designed to require a minimum of servicing and mainten-
ance. However, when maiatenance is required, it can be accomplished
remotely with the aid of gentry cranes at the underground removal
facilities or a 75-ton capacity crane in the TBP Plant Canyon. Piping
connections are made with jumpers fitted with special connectors which
may be tightened or loosened with a crane-operated impact wrench. Agita-
tors and pumps are held in place with large nuts which may also be re-
moved with an impact wrench. The TBP Plant tanks are positioned by guides
built into the cells and may be lifted out after piping jumpers have been
removed. Replacement parts are prefabricated to fit in place. The crane
operators, protected by shielding or distance, view operations through a
periscope or mirrors.

Radioactivity levels in the UO3 Plant are sufficiently low to permit
contact maintenance.

2.4 Fire and explosion protection

The TBP process employs a moderately flanmable organic solvent:
TBP diluted with a kerosene-type hydrocarbon. While the high flash
point (about 150*F. Tag closed cup) and low volatility of this solvent
tend to limit the flammability hazard, several protective features
for the prevention of fire or explosion have boon incorporated in the
TBP Plant. Among these are the adequate ventilation of the process
tanks and processing areas, to prevent the build-up of .any potentially
hazardous vapor concentrations, and the use of explosion-proof or
totally enclosed electrical equipment (conforming to or exceeding
National Electrical Code Class I, Division 2 specifications) in solvent
areas.

DECLACTI ED _ZM_____ EM



Details on the fire and explosion safety features of the TBP Plant
may be found in Chapter XXiV.

2.5 Uranium oxide -dust control

The finely ground U0 3 powder produced in the U03 Plant is toxic. In
the case of natural uranium, respiratorypr otection is required if the
concentration in air riaes above 3 x- micrograma/ml

The exhaust air system in the U03 Plant is designed to keep the oon..
centration of UO3 dust in the air below the highest permissible level so
that masks will not be required in'normal operation.
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CHAPTER II. TPR ':?OVAL -Rag UMtERGROUD STORAGE

A. COI20SITION AND PROPERTIES OF STORED= URANIUM WASTES

1. Origin afid Nature

1.1 Origin of the uranium wastes

In the Bismuth Phosphate Plants plutonium and uranium are separated
in the first extraction step. The plutonium is removed with the centrifuge
cake for further purification. The centrifuge effluent containing the bulk
of the uranium (ca. 99.9%) and fission products (ca. 9C%) along with excess

13P0, HNO 125O4, and NaNO2 is neutralized by 50% NaOH and 30% Na 2CO3
solutions to form a metastable solution at a pH of 10.5 and temperature of
approximately 600C., which is then jetted (at approx. 3500.) via an under-

ground pipeline to storage in underground tanks arranged in cascades of 3
to 6 tanks.

Over a period of 6 1/2 years of operation, from December 1944 to June
1, 1951, approximately 5160 short tons of uraniwun have been transferred in
21.2 million gallons of waste to the underground storage tanks. At the
present (June 1951) processing rate of 4 short tons of uranium metal per
day, another 740 tons of uranium are ecpected to be stored underground in

-the remaining 7 months of 1951, giving a total of about 5900 tons of ura-
nium to be processed by the Uranium Recovery Plant. Uranium waste 3 were
stored at a rate of about 2 short tons/day (700 to 200 short tons/yr.)
during the first 5 years of operation. This rate has been approximately
doubled during the last year (1951), to about iloo short tons stored per
year. The following is a chronological inventory of uranium metal stored
in underground waste storage tanks:

Production Rate,
Date Total Short Tons U Short Tons/Yr.

Jan. 1, 1946 700 700
Jan. 1, 1947 LL.00 700
Jan. 1, 19468 2150 750
Jan. 1, 1949 2900 750
Jan. 1, 1950 "700 800
Jan. 1, 1951 4500 800
Jan. 1, 1952 5900* 1400*

*Estimated: 350 days x 4 short tons/day a 1400 short tons.

1.2 Nature of wastes

When jetted from. the Bismuth Phosphate Plant waste neutralizer to
underground storage, the waste.solution his an average compositionjy
weight of 10.71C UMi, 1.96% SOTs 1.9% F0 1 , 0.71% NO 3, and 3.5% CO3 and
a pH of 10.5. Most of the insolubles, sug as SiO2 , and NaUO2PO4 (believed
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to be the nain component of soft sludge), and Na 1UO (CO) 3 (believed tothe main component of hard sludge), separate frorth metastable solutionand settle out in the first tank of a cascade. (Each cascade is mara up
of 3, i, or 6 tanks of 55,000, 53C,000, or 759,000 gal, capacity.) Afterthe first tank in a cascade is full, some insoluble material in the super.mate cascades to the next tank where additional separation and settling of
solids takes place. However, there are practically no solids in the thirdtank of a 3-tank cascade. The approximate sludge levels in the 75-ft.diameter (l 6 or 22.7 ft. deep) tanks are indicated in Table 11-1 and sum-marized below:

Type of Sludge Level, Ft.Cascade 1st Tank 2nd Tank 3rd Tank 4th Tank 5th Tank 6th Tank

3-tank 4.o 1.9 0 -
i-tank 7.7 3.7 0 06 -tank 9.0 4.0 1.o 0 0 0

1.3 Effects of a4- X on uranium waste eature and compoition

Owing to the radioactive heating effect of the fission products, thetemperature of the uranium wastes in underground storage rises until con-ditions of steadr-state heat transfer from the storage tanks to thesurroundings are nssentially established. At the time of the approximateestablisment of is steady state, which occurs within two to three monthsafter a cascade is filled, the temperature of the uranium wastes is at amnaximum. After this the temperature of the wastes gradually declines asthe fission products decay to lower radioactivity levels. While the'maxi-mum temperature reached is subject to variations of about 10 to 20F. asa result of seasonal variations in the temperature of the surroundingground, it is determined mainly by the radioactivity of the waste. Theapproxiaate maximmum temperatures reached by uranium wastes resulting fromslugs with S integrated exposure of 200 Nw.-days/ton and "cooled" for90 days are as follows:

Type of Matimum Temperature, OF.
Cascade 1st Tza d 3rd Tank 4th Tank 5th Tank 6th Tank

3-tank 170-100 100-125 80-100 -.
4-tank 175-180 100-125 100-120 90-100
6-tank 190-200 95-105 9o-95 85-90 80-85 70-80
The gradual decline of the temperature after attainment of the maximummay be illustrated by the following values for the first tank in athree--tank cascade under the above conditions:

Aft. DECLASSIFIED
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2 months*
1 year
2 years
3 years
5 years

20h

DECLASSIFIEb
Tine After

Fuing of Cascade

*) zaximum temperature

On the basis of the high temperature of the first tank in a cascade and

some direct analytical data it is believed that about 7Z of all radioactive

fission products are precipitated in the sludge of this first tank of the

series. As the tanks cool, more and more NajUO2 (C03)3 is dissolved by the

supernate. Thus the chemical composition of sludge and the ratio of hard

to soft sludge are constantly changing, tending toward an equilibrium as

the storage tank temperatura approaches that of the surrounding ground.
As the composition of the sludge changes complementary changes take place
in the composition of the supernate.

The gross composition of the stored uranium wastes is discussed in
Subsection A3, and the effect of aging on fission-product radioactivity in
Subsection Al.

1.4 Effect of aging on pysical proporties

As the composition of the stored wastes change, their physical proper-
ties are also altered. A decline in tank'temperature results in: (a) a

decrease in the amount of hard sludge and, thus, a decrease in the sludge-to-

supernate volume ratio; (b) an increase in the density of the supernate and

a decrease in sludge density; (c) a decrease in the ratio of hard to soft

sludge. The properties of sludges' and supernates are discussed in more de-

tail in Subsections A5 and 6 below.

2, List of Stored Wastes

A list of all underground storage tanks filled with uranium wastes

from the start of Hanford operations (1944) through June 1951 is presented

in Table II-1, along trith data on dates of filling, sludge and liquid depths,
and uranium content.

Summation of the- data in Table II-1 indicates that a total of 21, 200,0A)
gal, of uranium waste, consisting of about 2,600,000 gal. of sludge and

18,600,000 gal; of supernatant liquid, have accumulated in underground stor.

age to June 16, 1951. Of the 5200 tons of uramium in these wastes about

3800 tons (or 73) are contained in the sludge. Thus the average uranium

content of the sludge is about 2.9 lb./gal., while that of the supernate is

about 0.15 lb./gal. About half the uranium in each cascade is in the first

tank ofIt Urcade.

IRWI,, -

Temperature, OF.

170-180
130-140
105-115

90-100
85-95

cn

c-fl

UMLR;DIjII
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Because of the difficulty of obtaining accurate measurements and re-Presentative samPles on such largo heterogeneous masses by remote-controlmethods, the data on sludge levels and distribution of uranium betweentanks and between sludges and supernates are subject to some'uncertainty.Their accuracy is estimated at about ±10r

3. Bulk Constituents

The chemical components from which the uranium wastes have beensynthesized are reliaby Imown from the Manufacturing Divisions' oper.ating records. However, the chemical composition of the sludges and su-pernates in the several tanks of the various underground storage tankcascades are known only imperfectly, from analytical investigations hand:.capped by the difficulty of obtaining by rcmote..control methods representa.-tiv- samples from large heterogeneous masses in the tanks.
3.1 Synthesis data

The proportions of chemicals from which the uranium wastes have beensynthesized have chan-cd slightly from time to time with modificationsof the BP04 process first extraction cycle-procedure. The most signifi-cant of thcse changes, made in January 196, involved an approximatelyone-third reduction iln tho ente rd P04 .sed per ton of uranium. Theproportions f chemicals which ire nto the uranium wastes accordingto the procedure largely followed from tta start through January 1946(6anld a~c9~dng to that followed in the main from then to the present (June1951) 2 are indicated in the table below.

Lb./Short Ton U
Procedure Through Procedure Since

January 1946 January 1946
tWE 4220 4220

177 210R84700 804R3 P04 1107 736
NaNo 137 210NeON 3  

1673 1561Na2 C0 3  3966 4056
Total 11,980 11,797

Final stored volume * about 4,000 gal./short ton U.

3.2 Analytical data

The scant information on the compoition of uranium waste sludges andsupernates is illustrated by the typical analytical data tabulated belowand summarized more fully in Table I1al and 11-3.
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Copositi.Ofl ot T Cascade supernate(7)

(Filled 1945, Sampled 1948)

component

U

Na

so&
Co 3
NO3

P77717M M

Moles/Liter

First Tank Second Tank Third Tank

0.028
3.1
0.33
0.25
0.43
0.56

0.090
2.9

0.26
0.3
0.51,
0.77

0.21
3.3
0.27
0.230.91
0.60

* Copposition of Tank 101-T sludge(7)

(cascade filled 1945. Sampled 1948)

MolsIKg. of Sludge

Mle Inlet, Inlet, Outlet* Outlet,

'~3 3.from 2 Ft. fran 1 Ft. from 1 Ft. from Just off

Bottom Bottor Bottom Bottom Bottom

r.86 1.53 1.45 1.53
1 5.0 6.0 6.6 6.4

sok
C03,
NO1

1-35 1.07 0.51 0.17 0.16
O~.0 m6.3 00.20 0.13 c).08 0.8 .o

0.26 a. 43 1.92 4.3

......... Not reporte

14 l Ba4icntiVe Constituents

14.1 Ganeral

The undergrouid stored uranium waste contains most (more than 90%) of

ties fissio products formed as a result of exposure of uranium slugs in the

-100 Area pfle. The radioactive concentration of the umderground stored

waniur m wastes is subject to considerable variation since it is dependent

upan a. number of variables including the power level Maintained in the pile,

the perio& of p1W- exposure, and the elapsed time ("cooling'") after discharge

Cm the pile;. Althagh te piles have been operated at various power levels

the greatest part ot the underground stored uraniu vaste resulted fra the

proeming of slugs which had received either 200 megawatt-days/ton integrated

-anosur over a period of 180 days or 400 megawatt-days/ton integrated ex-

posire aver a period of 360 days. The 200 megafltt-dayfton mterial was

procem&e from plant startup to Jenw y 1949 while the 400 megawatt-days/ton

-materia was procesaet fran*ovembr 1949 to June 1951- The total radio-

tatfre- flsflon-pOdUCt Content of tba pile metal 90 days after discharge

"e., tbeilas is approiiteli 226,0O0 and 28,50O (theoretical) curies

and 1L--mesnwtt-day/ton material, respectively.

C, J
crn

Ba

10 40 so

C2Mpnent
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Decay curves for gross beta and gamma activity and for a number ofthe radioactive isotopes important to the Uranium Recovery process havebeen calculated and are shown in Figure II-1 (also see Table 11-2). TheQuantity Of fission products originally present was based on a uraniumexposure of 400 megawatt-days/t 0n over a period O 360 adaya. Theoretical
or "absolute" curies as well as "countable" curis are shown fr the totalbeta and gama radiation. The activities of specific isotopes are pre.sented in terms of "countable" curies.

A theoretical (or absolute) curie is defined as the radioactivity ofa source of radiation which decays at such a rate that 3.7 x 1010 atomschange per second. It is almost exactly the radioactivity of the amountof radon in equilibrium with 1 gram of radium. Because of the limitationsof ordinary radiation counters, absolute curies are difficult to determine.The 'countable" curies, in terms of which most of the data in Figure II-1C-M are expressed, have the practical advantage of being subject to compara-tively easy and reproducible determination. Determination of the number of"countable" curios, in the sense in which the term is used here, involvesthe "counting" of the sample under specified conditions with standardcountnginstrumentsuchas the 3.0.0. counter in use at Hanford We
The counting cnditins are specific,' in detail in Document EW-17091The counting efficiency of the standard counters, and hence the ratio ofabsolute to "countable" curies, is a function of the particle (or quantum)energy of thehradiation measured. Although it is not possible to assignexact values to this ratio, the following are approximate values tar betaparticles and gamma rays of some ty-ptcal energies:

Particle or
,uantum Ratio of Absolute to "Countable" Curies

Beta Gama
0.1 o (not counted) 100.15 50 80.6 4 32.0 2 1.2

The conversion o untablc' to absolute curies is further discussed inDocument rn4-170910 (

4.2 Sludge and ernate radioc emical analyses

The radiochemical concentrations in the sludges and supernates of thevarious tanks in the underground waste storage cascades, like the chemicalconcentrations, are known only imperfectly since analytical investigationshave been handicapped by the difficulty of obtaining representative samplesof the large heterogeneous masses in the tanks by remotorcontral samplingmethods.

The information on the radiochemical compositions of uranium wastesludges and supernatas is illustrated by the typical analytical datatabulated below and summarized morQ fully in Table 11-2.
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fadiochemical Concentrations cf T Coscad. Supernate(C?

(Filled 1945. Sampled 1948)

padiochemical

Gross Beta
Gross Gamma
Gross Alpha
Ce Beta
Cs Beta
Nb Beta
Ru Beta
Sr Beta
Zr Beta

r

tNJ

04

Radiochemical
Analysis

Gross Beta
Gross Gamma
Pu Alpha
Ce Beta
Cs Beta
Nb Beta
Ru Beta
Sr Beta
Zr Beta
Other Beta
(obtained by

difference)

counts /(Minute )(Ml.)
First Tank Third Tank

1. 45 x
4.93 x
7.85 x
2.35 x
8-59 x
8.97 x
3.53 xi.85
1.95 x

io7
104
io3
10
106

105

io3

2.82 x 107
4.03 x 1q'4

5.2 x 10'
1.37 x 1o7

7.39 x3.67 x l0 ~
5.08 x 6
3.0~4 x 105

1.49 x lol

Radiochemical Composition of Tank 101-U siude(7)

(Cascade filled 1947. Sampled 1949)

Inlet,
4 Ft. fror

Bottom

3.13 x 106
8.6 x 102

94.4
2.11 x 106
7.74 x 104'
1.78 x 103
8.48 x 10
8.80 x 104

3.25 x 103
3 x 105

Counts/_m&in.I
Inlet,

3 Ft. from
Bottom

5.15 x 105
1.49 i 102

56.2
2.46 x 105
1.39 x 104
2.88 x 10
1.62 x 10
4.26 x 104
4.98 x 102
2 x 105

(Mg. of Sljdg-e)
Inlet, Outlet,

2.7 Ft. from 3 Ft. from
Bottom Bottom

1_75 x 106
4.35 x 102

89.0
9.35 x 105
5.38 x i13
1.26 103
3.61 x 104
7.74 x 10
1.46 x 103
2 x 105

2.93 x 106
9.58 x 1

112
2.26 x
9.48 x1
4.07 x 1
8.97 x 104
1.16 x 105

4.03 x 10
4 x 0

5. Properties of Sludges

A number of the physical properties of sludges believed to be of pro-

cess importance during the removal and. processing of the underground stored

uranium wastes have been report! for a sample of 101-U sludge by na.(23)

Although the conditions under ghich the sludge in the various tanks was

produced varies appreciably, theo physical properties discussed below for

101-U sludge should prove applicable (for order-of-magnitude approximations

at least) for other tanks containing sludzes.

5.1 Apparent density and consistency

Two, of sludge were found in the sample of 101-U Tank sludges;

nmW hard sludges. Soft sludge (approximately 60- weight per
_1W_- -~ a0

-,s oECI.SSIFMU
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cent of the sludge analyzed) is an easily slurried solid consisting chieflyor sodium uranl Phosphate crystals baving a definite needle-like struc-ture. Hard sludge is a dense, ard agglomerate of crystalline carbonatematerial (believed to be mainly Na4Uo 2(CO 3) 3 ). The crystals are imperfect-ly farmed.

The sludge on the bottom of the tanks is packed down and contains lessliquor than the sludge above. Samples taken at the bottom of Tank 101-Ucontain approximately 80 per cent solids while samples taken at k 1 oat, 2feet, and 3 feet from the bottom contain approximately 70, 50, and 45 percent solids, respectively.

Consistency mea urements were made on samples of the hard sludge usinga "Precision" Universal Pentrometer fitted with a standard A.S.T.M. needle.Althouch considerable variation was noted in the hard sludge its consist-ency is approximtelv that of blackboard chalk. (A 400 g. loading of theneedle gave penetrations varying from 0.4 to 1.7 mm. for hard sludge com-aT pared with 1.3 mm. penetration for blackboard chalk.)

The density of hard sludge was found to be approximately 3.0 g./ml.The density was determined t room tempereture by supernate displacementin a gr.duat.d cylinder. The soft sludge density was found to be approxi-mately 1.8 g./m. In determinng sof sludge density, large lumps of hardsludge were removed by passing the sludge through en 8 mesh screen, thesample was centrifud in an International clinical centrifuge (30 min. atapproimutely 700 G), and the upernate was removed before the soft sludgevolume and weight were determined.

5.2 Solubility of principal sladge components

As currently planned the sludges will be removed from the undergroundStored tean as a alcdge.upernte (or, perhaps, sludge-water) slurry.If, however, the sluicing methods prova inadequate for the removal of allthe sludge (e.g., tank heel removal, local deposits not broken up bysluicing nozzles), techniques may be adopted which will dissolve thesludge in the undrgron storage tanks. Hance, the solubilities of thesludges have been presented in the following discussion.

Since r4U02 (0o 3 ) 3 and NeUO2 P04 are believed to be the main componentsof the "bard" and "soft" underground stored urenium sludge, respectively,the aolubilites of tese compounds in different solvents have been studiedat various temperatures and solvent concentrations. The upper graph shownon Figure 1ii- indicates the retrograde solubility (i.e., decrease insolubilny with increase in temperature) of Na 4UO2 (CO 3 )3 in water and in asolution of 0.5 24 NaS04 and 0.5 MNa CO As indicated, the solubility ofN 4 U 2 (CO is cons.derably gr er 6 fold) in water than in the car-bonate.. sa e solution. The solubility of Na4U0 2 (Co 3 ) 3 in various solventsat 300Cx Is tabulated below:

Solubility, 0. Na4UO2 (Co333/LiterSolvent 
Saturated Solution

0.51 M4 Na2003  7~3 60.41 Na C03 
88.3

0.E8 nA 2co3  200.1

DECLASSIMiEDS
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On the lower graph of Figzre JI-3 the solubility of 11dUOjO14 in sodium

carbonate solutions at 28 and 50*C. is shown. At 28*C. the solubility in-

creases with Na 2 C0 3 concentration from less than 1 g. U/1. at 0 M Na 2 C0 3 to

approximately 53 g. U/i. at 1.3 M, then decreases at higher carbonate concen-

trations.

5.3 Laboratory sludge solubilization batch data(15)(1
6 )(24)

From the data presented in 5.2, above, it may be noted that Na4UO2 (C03)3
is more soluble in water than in carbonate solutions while 

the opposite is

true for NaUO2PO4. In the small scale laboratory experiments for which data

are tabulated below an effort was made to determine the relative effective-

ness of various solvents for dissolving simulated soft (NaUO2PO4) and hard

(Na4UO2 (CO 3 )3 ) sludges. For the experiments the synthetic sludge was cam-

posed of 90.b weight per cent NaU and 4.04 Vt. per cent NaUO2P04.

The volume of solvent used to dissolve he sludge was the amount theoretically

- required to dissolve all the NaiU02((O3)3 present in the sludge sample. For

a given sludge sample size, solvent volumes 1.9, 1.6 
and 0.7 times the volume

used in the water experiment were used for the Na2 CO, RaHCO3 ,and ?24 HC0 3

experiments, respectively. (See solubility data in 5.2 above).

Solubilization of Sludge

Solvent 20 0..52 M 0.45M O.5M
Ta2003  NaHCO3 NH4HC03

Shaking time, hr. 64.5 64.5 64.5 18.5

% U dissolved 91.6 90.9 99.0 85.8

% Na4UO2(CO3b3 97.2 92.3 99.7 86.46

dissolved

1% NeUO2P04 dissolved 0.0 68.5 88.8 74.68

Grams Na4UO2 (CO3)3 13.98 6.79 8.85 17.29

dissolved per 100 ml.

Grams NaUO2PO4 dissolved 0.0 0.23 0.38 o.66
per 100 tl.

The data in the above table indicate that Na4UO2(CO3)3 may be dissolved

by any of the solvents while Na 2CC 3 , NaRC03, and I 4HCO3 are increasingly

better for the dissolution of NaUO2PO4.

5.4 Pilot-plant sludge solubilization studies(15)(18)

Pilot-plant studies were conducted by the Keller Corporation in a

1/80-scale waste storage tank on incubated simulated wastes to develop

a method of sludge solubilization which would be applicable for use with-

in the Hanford "hot" waste tanks. In the studies incubated simulated

sludge was placed in the tank, water was added, and liquor was circulated

through the tank. When the concentration of the liquor approached saturation

(i.e., further dissolution could have bcon accomplished only with consider-

aqz circulation) a portion of the liquor was withdrawn and replaced

a DECLASSiIED
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with an equal volume of ',ater When the greater portion of the water-soluble Na 4Uo (co)) was removed, the liquor was removed and replaced withNaC003 which Isae ed the NaUo 2 P 4 and ny Na4UO2 (do3)3  aning.

The results from two runs, following the general pattern outlined
above, are shown on Figure 11-4 . Run No. 3 was conducted at approximately,250C. while Run No. 5 was made at appoximately 50C. Sludgs were pre-pared for the runs by incubating simulated "cold" waste of the followingcomposition for periods of 34 and 50 days at 8*C. before filtering forRuns No. 3 and No. 5, respectively:

Component Grams/Liter

tNH 146 .0
NaNO3  4.7

NO 5.3

Sp4, 26.5
22.7NaOE 54.0

Na2003  177.0
As expected from the retrograde solubility data discussed under 5.2,above, More concentrated ulaium solutions were obtained faster at 25*than at 50C. /.r example, in Run No. 3 at 25-C. liquor containing approxi-intel 40 g. t w/autys obtained after only 150 hours of recirculation, whileIn Run No. 5 solution contai.ning approximately 35 g. U/. was produced after

250 hours of recircula~tion.

During Run No. 3 assentiany all of the sludge was dissolved at thecompletion of the run, Or the 320 g. of uranium originally present in thesimulated sludge sample, 89% was dissolved by water and the remaining 11%was dissolved by NaRCo 3 .

Run . was termisnated before all the uranium was dissolved (82% of
the 430 gramsof uranium dissolved after 750 hr.). However, there waslittle doubt that complete solubilization would have boen accomplishedwith additional operation.

5.5 Sludge insoluble8

Silicon dioxide Is expected to be the major water and nitric acid in-soluble component present in the underground stored uranium sludges. It
enters the bismuth posphate procass in the slug banding layer or as anImpurity in the various chemicals used in the process. To determine an
1orderor..untud 

appri rmaon of the Si2 concentration present in the
stored wastes, anlyses were made on three Bismuth Phosphate Plant -wastesamples (8-3ws) by the Hanford Works Analytical Division during Octoberand November 1949. These samples Indicated total Si02 concentrations(both soluble silicates and insoluble Si02 ) ranging from 60 to 220 milli-grams per liter. insolublce S10 may collect on the bottom of the varioustanks during acidification and blending or It ay be separated from solu--tion in the feed centrifue before it enters the solvent..extraction columns,
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6. Properties of Supernate(23)(1)(1)(7

The properties of Hanford stored uranium waste supernates are subject

to considerable variation since the sludge-supernate equilibrium is de-

pendent upon the temperature existing in the tanks as well as the chemical

composition of the stored wastes.

6.1 Supernate density

The densities of the supernate in the 101-T, 102-T, and 103-T Tanks

were measured in the waste storage tanks with a densitometer. The density

as well as the Na4UO2(C03)3 concentration (see 6.3 below) of the supernate

in the last two tanks of the cascade was considerably greater than that in

the first tank. The densities existing in the tanks are listed in the table

c below together with the te-npcrature at which thay were measured:

=3 Supernato
Density, Suprnate

Tank G./Ml. Temperature, OF.

101-T 1i14 144
102-T 1.23. 96

103-T 1.21 86

ORUL investigations on "hot" sernples of 101-U Tanki23) and Hanford

Works investigations on simulated supernate(11) have indicated densities

ranging from approximately 1.13 g./ml. rt 700F. to approximately 1.11 g./Mi.

at 14o0*.

6.2 Supernate viscosity

The tomperature-viscosity relatiouship for a 101-U supernate was de-

termined by OENL. The viscosities were measured with a Fenake-Ostwald

viscosimeter. As shown by the plots on Figure 11-5, the viscosities ranged

from 5.9 centipoise at 74*C. to 1.5 centipoise at 25*C.

Viscosity measurements on a synthetic supernate prepared by the in-

cubation of simulated waste solution for 6 months at 806C. at Hanford Works

gave a viscosity of 1.77 centipoise at 25*C.(9) The viscosity was measured

with a Saybolt viscosimeter.

6.3 Solubility of NaU1 2(C2 insupernate

As indicated on Figure II-6, the concentration of Na4UO2 (COq) 3 in the

hot (sometimes as high as 140 to 2206F.) supernate of the first 
tank in a

filled cascade is less than the concentration present in the second and

third tanks of the cascade (0.025 LI in the first tank of the T Cascade as

compared with 0.09 M and 0.11 M respectively in the second and third).

This phenomenon is causad by the retrograde solubility of Na4U2(C03Y and

incdMplete precipitation in the first tank. Although during cascade illing
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most of the Precipitation takes place under the high-temperature (pre-CiPttation-favoring) conditions Present in the first tank, some of thewaste solution cascades to the second (and third) tank before precipita-tion is complete in the first tank.

In the second tank, which is at a lower temperature since the majorpart of the fission products are left behind in the first tank, the super-nateholds more e33 n equilibrium is attained at the lowertemperature. Ni.0(o)

7. Physical Properties of Slurries

7.1 AppaEnt densitv(9)(24)

The apparent densities of slurries prepared from bth actual and simu-CX) lated metal waste supernate and slude increased from about 1.1 to 2.0 g./ml. as the sludge concentration increased from 0 to 100 per cent.
jt Increased temperature slightly decreased the apparent density. Thuswith an undergroun slurry with a supernate-to-sludge volume ratio* of 8:1- an increase in temperat from 2 to 65%/. decreased the apparent densityof the slurry from 1.19 to 1.17 g./na. The effect of solids concentrationon the apparent density of a typical simulated slurry is presented inFigure 11-7.

7.2 Apparent viscosiet(9)(l)(14)(24)

Apparent Viscosity or consistency of a slurry is its resistance toflow at any given flow or shear rate and is a measure of the combinedeffects of adhesion and cohesion. The apparent viscosities of waste metal
slurries increased with increasing solid content and decreased with in-creasing shear rate, duration of agitation, and temperature.

At a constant shear rate, an Increase in sludge concentration from asupernate-to-sludge volume ratio of 4:1 to 0.3:1 increased the apparentviscosity of a typical underground slurry from 40 to 2900 centipoises asmeasured with a Brookfield Synchrelectric viscometer with a No. 3 spindle.The apparent viscosity of the slurry of 03:1 supernateto.slu e volumeratio decreased from 2900 to 1570 centipoises with an increase of spindlespeed from 6 to 60 rev./min.

The apparent viscosity Of an actual undergroun metal waste slurryincreased from 19 to 36 centipo 3es during 10 hr. agitato, while furtheragitation produced anost no additionl increase. The supernateto.sludgevolume ratio decreased from 7:1 to 23:1 during 23 hr. of agitation due tocomminution or recrystallization of the solid phase, which apparently

It is noted that te supernateto-sludge ratios given in this sub-section cannot readily be interpreted in terms of liquid-solid ratios,since the liquid content Of the sludges is not exactly known.
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resulted in an increased liquid content of the sludge. A similar test with

a synthetic slurry of the same weight Per cent solids content Sh ed a Slight

decrease in apparent viscosity (from 15 to 13 centipoise ) dnring prolonged

agitation and the supernate-to-sludge volume ratio did not change within, the

limits of experimental error.

Increased temperature reduces the apparent viscosities of slurries.

For example, a temperature increase from 20 to 590. decreased the appiarent

viscosity of a slurry of 0.3:1 dper&te-to-4luige volume ratio from 1520

to 970 centipoises.

. Slurries flowing in pipe line viscometers had appent viscosities

exhibiting the same trends as those observed using a Brookfield visco eter,

but the nawrical values were much lower. The apparent viscosities of a

synthetic slurry flowing in a pipe are plotted as a function of velocity in

- Figure II-8. As shown in Figure I-8, the apparent viscosities in ppeli n

C__t flow a reached the viscosity of the supernate at velocities above 3.5 and

7 ft. /sec. in 1-in. and 1/2-in. i.p.s. pipes, respectively. As the flow

rate decreased into the viscous range 
the apparent viscosity increased

sharply.

7.3 Settling characteritics(12)(14)(2
4 )

Settling rates of waste metal slurries vary widely, 
depending upon the

concentration of solids, the source of the slurry, 
the degree of agitation,

and, to a lesser extent, temperaturt. Reported settling rates range from 1

to 60 in./hr. of clear solution for slurries ranging 
from 3.6:1 to 76:1 in

supernate-to-sludge volume ratio.

Simulated and actual underground 
metal waste slurries, each contining

the same weight proportion of solids and having an initial superatetO

sludge volume ratio of 7:1, produced initial settling rates of 10 and 34

in./hr. of clears, respectively. After one hour of agitation, the settling

rate of the simulated slurry increased to 25 in./h. and the rate of the

actual metal waste slurry decreased to 6 in./hr. of "clears". After 23 hr.

of agitation, the settling rates were 13.5 and 1.2 in.,hr. of clears for

the simulated and actual unerground slurries, respectively, and the super-

nate-to-sludge volume ratio of the underground slurry changed from 7:1 to

2.3:1 while the ratio of the simulated slurry did not change appreciably.

The effect of temperature on settling rates is negligible within the

accuracy of the available data.

7.4 Erosive characteristics('3)

Synthetic metal waste slurries with a supernate-to-sludge volume ratio

of 8:1 flowing in 1/2-in. t.p.s. iron pipe at velocities of 12 to 15 ft./5C.

have been shown to produce less than 30 mils/yr. erosion in 90 short (1-5/8

in.) radius bends, and almost no erosion in straight sections. Seiat

greater rates would be expected at higher 
sludge concentrations and in-

creased velocities.

Ero ion rates obtained from mechanical abrasion tests with various

t .a~ DECLASSIFIFO
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slurries gave the relative indeX listed below. Thesupernte-to-sludge volume ietio, e9.Th slurries were of 8:1
tained about 1 weight per cent so cept the concentrated PAW, which con

Relative Erosion Index*

Diatomaceous Rarth 1Kaolin 16
Simulated Metal Waste 1.6
Concentrated Neutralized RAW 0.4

The ."relative erosion index" is the ratio of penetration
per unit time of a slurry to th o ythetic metal waste
slurry. The penetration was measured as the maximum depth
Of Penetration of neoprene rubbing at a uniform rate oncast bronze submerged in a slurry.

C:3
B. REMOVAL PRoaDnup

1- General

proce the time of the projected start-up date for the uranium fecovery
ps sr approxi e t ,900 tons of uranium in bismuth phosphate Proce-sswaste form will be stored in underground tanks. During the storage periodthe neutralized homogeneous bismuth phosphate waste solutions will havesPratedinto a Superatan liquid and a slud;e layer which settles- tothle bottom of the storage tanks. In order to ensure a uniform uraniumSolution feed to the Uranium ecovery process, the waste removal processInvolves several principal operatins; (1) homogenization of supernate,(2) sluicing the sludge with supernate to obtain a slurry, (3) dissolutionOf the slurry with nitric acid, (4) blending the acidified solution withhomogenized eupernatc to obtain the desired uranium concentration, and,(3) removing the waste metal heels in the undergrounr tanks.

The first equipment for the removal, blending, and acidification ofstored uranium wastes was installed at the 241-U-101 series cascade. Inaddition to the 241-U facilities, storage provisions for the acidifiedwaste removed, from the td-1 Cascade are installed in a new undergroundvault (24l-Wp) located adjacent to 221-U Building. The equipment thusprovided is ktown a s-construction Phase I and is intended to pilot oper-ating techniques to I employed in' subsequent waste removal installations.Construction Phase 1I includes the facilities necessary for the removalof the uranium wastes from the remaining waste cascades in 241-U, T,TX, B, EX, Br, and C Tank Farms. Three additional slurry accumulation,blending, and acidification units are provided in Phase II. One is noar241-nT to serve the T and Tn arms, a second in the vicinity of 241-B,BX and BY to serve these areas, and a third at 241-C.
In order to transfer material between the 200 East and West Areap apipe line transfer system with intra-area tributaries was constructed asPluae mit Additional lines to cribs and interconnections between 241-Wp

Storage Vault and the 221-tU and 224-Ui operating facilities were also,,in-dtalled as a part of Phase III construction.

previously indicated, stored uranium wastes will be removed
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initially from the 241-U-101 cascade. The exact sequence by which other

tank cascades will be processed cannot be defined clearly at the present

time, since the number of operating sluicing areas required to meet re-

covered metal production is highly dependent upon the success of initial

operations in the U-101 cascade. The sluicing procedure followed for re-

moval of the uranium wastes, however, is essentially the same for all

waste removal areas. The technique for removing the waste material employs

the principal operations previously outlined, and discussed in more detail

below. Reference should be made to Figure 11-9, the engineer 's flow sketch

for 241-C Farm. The equipment shown schematically in Figure 11-9 is typical

of the waste removal installations located in both 200E and 20OW Areas with

the exception of the 20-ft. tanks (TK-C-201, 202, 203, and 204 shown in

Figure 11-9) which are located in 241-C Farm only. The procedure covers

the proposed method of waste removal from these smaller tanks in addition

to the larger 75-ft. diameter cascade tanks.

2. Process Description- 75-ft. Tanks(2 6)

2.1 Mixing of supernates

The bulk of the solids precipitated from the neutralized bismuth

phosphate wastes lie in the first tank with small amounts appearing in

the second. tank in any waste tank cascade. Consequently, the Supernatant

liquid in, equilibrium with these solidr varies from tank to tank in the

series. In order to insure a uniform feed solution composition for the

Uranium Eec very (TSP) process, the supernatant liquid may be homogenized

by pumping tie solution from tank to tank in series. This is accomplished

by using the submerged 600' gal./min. sludge pumps suspended in each storage

tank. The inter-tank circuit is set up through jumpers in the cascade di-

version box., Since the sludge pumps are of a low head type which cannot

force a large solution volume through the sluicing nozzles, the superte

is admitted to each tank through a separate inlet line. At a 600 gal./

min. pumping rate it is estimated that 3-1/2 days will be required to turn

over the total volume of supernate twice to ensure adequate mixing.

2.2 Transfer of supernate

After the supernatant liquid has been homogenized a portion of the

supernate is pumped to an empty waste tank for temporary storage in order

to expose the sludge layer prior to the sluicing operation. The transfer

of supernate is made by pumping from the last cascade tank to an empty

tank (TK-ff-115 in the Vest Area, TK-BY-109 in the East Area) via the

Slurry Accumulator, TK-001. The supernato from the first cascade tank is

then (after proper jumpor change) transferred to the last cascade tank by

gradually lowering the sludge pump to follow the liquid level until the

sludge is exposed. At tho end of this transfer, 35,000 gallons of super-

nate are allowed to remain in TK-001 for initial sluicing liquid.

2.3 Sluicing and removal of sludge

Sludge removal is accomplished by recycling 35,000-gallon batches of

supernate from the Slurry Accumulator under about 100 lb./sq.in. pressure

through either of two 1-3/8-inch firehose-type nozzles inserted into the
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upper portion of the cascade tank through existing 12-inch tank nozzles.Each nozzle has a capacity of about 500 gal./min. at 100 lbt'/sqin. inletpressure and my be remotely adjusted for azimuth and ele on so tits stream may be directed for maximum sluicing efficiency. A motor-operator is provided which my be attached to the azimuth adjustment mech-anism on either nozzle to cause it to scan slowly within a predeterminedangle.

As the sludge is broken up and slurried by the sluicing supernate,the resulting suspension is removed from the underground storage tank bythe sludge pump and discharged to the Slurry Accumulator. The liquid inthe Accumuator is then recycled back to the sluicing nozzle until aslurry is produced which contains sufficient solids for charging the BlendTanks, TIC -002 and 003. Liquid level control in the Slurry Accumulator is.maintained by opposed-action, air-operated diaphragm valves located in the:l tsludge Pump discharge and by-pass line. The valve action is such that aSthrottling action on the pump discharge valve caused by high level in theAccumultor will open the by-pass valve, and discharge slurry back into theundergroun waste tank being Processed. The sludge pump maintains a mini-mum solution level above the sludge in the cascade tank for optimum sluic-Inig efficiency. This operation may be observed by means of an illuminateden' * 2 .5-power periscope inserted into the top of the tank.

During the sluicing and removal of sludge from the first tank of acascade, the supernate from the second and third tanks is consumed inslurrying and blending so that the layer of sludge in the second tanfr ofthe cascade is exposed. This sludge is sluiced and removed in a mannorsimilar to the procedure followed for the first tank. During the laterstages of sluicing and blending of the contents of the first or secondcascade tanks, the supernate originally transferred to an empty cascadetlnk Is returned to the last tank in the cascade being processed via theSlurry Accumulator. It Is expected that three tanks in a cascade can beemptied in about 80 days, and four tanks in 1.20 days; thus maintaining aproduction rate of 5 tons/day of uranium in acid solution per area.
2.4 Transfer and dissolution of slurry

The 5d,000 gallon Slurr-r Accumulator is equipped with baffles and hasa hold up capacity of about one hour. During the sluicing operation someconcentration of suspended material will occur through residence timesettling. When the solids in the slurry reach a uranium metal concentra-tion of 75 to 100 grams/liter as indicated by weight factor and specificgravity instrumentationd recirculation is stopped. In addition to thebubbler type weight factor and specific gravity instrumentatign, a straingauge which relatst.s dflectdon of the tank supports to weight of the tankand its contents is ttrovidd to supplement weight factor measurements. Theslurry is then agitated and transferred batchwise to the Blend Tanks by
means of one or two steam jets, teach discharging into a separate 15,000gallon dissolving and blending tank.

Prior to the transfer of slurry from the Accumulator, the Bland Tanks
are charged with nitric acid from Nitric Acid Tank, TK-OO04, in an amountsufficient to provide the proper acidity for a batch of finished feed
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solution, and the required amountt of slurry is jotted into the acid. The

addition of slurry is made to the acid in order to control the rate of

carbon dioxide evolution resulting from the acidification. Severe foaming

would occur in the Blend Tanks if nitric acid was added to a batch of

slurry. Agitation and cooling through cooling coils is provided to insure

prompt dissolution of the solids and removal of heat of reaction (ca. 24

B.t.u./lb. of slurry). Ca&bon dioxide and other gases released during dis-

solution are removed through glass-wool filters and discharged 
to the atmos-

phere through a stack.

When dissolution is' complete, clear supernate is added to the Blend

Tanks from one of the cascade tanks to adjust the dissolved slurry to the

required metal concentration. The finished blended solution is removed

from the Blend Tanks by submerged pumps which discharge through the master

diversion box into existing underground piping in the West area farms, or

through lines provided frao the East area farms, to four feed storage tanks

in the 241-WE diversion station. For ettch waste processing system in the

East area (241-BXh, 241-Cin) a 50,000 gallon Process Pump Tank TK-011 has

been provided for surge capacity while pumping the acidified solution at a

constant rate to 241-WR storage facilities.

The acidification step is treated in more detail 
in Chapter III.

2.5 Removing storage tank heel

After all of the sludge in a cascade has been removed 
to the minimum

pump suction level, a steam jet inserted through 
a hole in the center of

the tank dome removes substantially all of the remaining 
material reposing

in the dished bottom of the tank. The jet discharges directly to the

Slurry Accumulator, by-passing all diversion boxes.

3. Process Descriptiol- 20-Ft. Tanks

In the case of the four individual 20-ft. diameter 
tanks in the 241-C

Farm, the waste removal system is designed for a somewhat modified schedule

of operation since jets are used instead of -pumps to remove the slurry.

3.1 Bemoval of supernate

The recovery of wastes from these tanks is scheduled between the com-

pletion of operations in the TK-C-ll cascado and the start-up of opera-

tions in the TK-C-10 4 cascade. A Theol" left in the Slurry Accumulator

from the preceding T-C-101 cascade operation is used as the prime mover

for the liquid sludge jet in TK-C-201. The sluicing nozzle valve is

closed and supernate is jetted to the Slurry Accumulator. As the liquid

level in the Accumulator reaches a near-maximum level, the additional

supernate is jetted from the Accumulator into the Blend Tanks which have

been cha-rged with nitric acid. The acidified supernate is transferred to

the 50,00-gallon Process Pump Tank and held for blending with subsequent

charges.
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3.2 Sluicing and removal of slud 'e

After the sludro has been uncovered, the valve to the sluicing nozzleis opened and the sluicing operation is carried out. Supernate is usedin this instance for both sluicing and as the prime mover of the sludgejet.,

3.3 Transfer and dissolution of slurry

Upon completion of the sluicing operation, the sludge-laden materialin the Accumulator is jetted to the Blend Tanks for dissolution in nitricacid. A heel is left in the Accumulator to prime the pump for supernateremoval from the next tank (TI-C-2o2). The dissolved material is pumpedto the 50,000 gallon Process Pump Tank where it is blended with subsequentbatches until the Pump Tank Is full. Transfer is made to the 241-1m1 stor-age tanks via the East-West undergrouna lines.

The remaining tanks (T-C-202, 203, q04) are processed in the samemanner.

4. Possible Difficulties and Pcmedies

The d"sig of the waste removal facilities was based mainly onArow-how' and assImblages ot euipment believed capable of doing the job.Apart from the studies made on the properties of sludges, supernates, andslurries which are discussed in SC-tion A of this Chapter, no closelyapplicable development work was pursued upon which design could be based.
Perhaps the single most important potential difficulty confrontingthe waste removal operation is the plugging of lines, nozzlos,or pumpswith nodules of hard sludge mown to be present in the underground tanks.The fact that these harder materials are soluble in water, or sodiumcarbonate solutions, will allow the judicious use of thesc solubilizingagents to attempt a remedy for an equipment stoppage caused by plugging.The erosive and corrosive properties of the materials handled roceiredconsideration during design. No difficulties are anticipated from erosionof pipe, since the penetration rate at the fluid velocities encounteredare sufficiently low that the pipe will outlast the sluicing operation inany cascade. Imporant kown potential mechanical difficulties havebeen precluded wherever possible in the design of agitators and pumps bythe use of proper scals and bearings. Thesremdial mcastres taken forthe correction of mechanical failures will have to be based on field

observation.

DECLASSIFIED
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Table 1-2

FISSION-PRODUCT RADIOACITIVITY AS A FUNCTION OF AGE

Source of Data:
Basis:

HW-l7091
(a) Pile metal at 400 megawatt-days/ton

integrated exposure over 360 days.

(b) Raioactivites are stated per short
too of uranium. -

Abs. Curies
ICount. curies

Half Life Beta(bl Gamma(')

54.5

25

57

65

38.7

45

290

130

2.7

32

33

12.8

1.68
28

13.8
275

11.8
3.7

days

yr.
days
days

days

days

days

days
yr.

days

yr.

days

days

days

days

days

days

yr.

1.33
1.76

1.30
6.76

32.30
5.00

1.03
1.54

8.90

1.20

4.50

2.47

1.46

'6.06
Z. 56

1. 83

3.05

16.70

20 yr. 0.00

2 yr. 28.60

5.0

2.5

3.0

1.5

1.0

7.0

2.7

3.0
1.5

10.0

10. 0
3.0

12.0

Total

Total (Beta + Gamma)

After 90 Days "Cooling"'
AbS. Curies/iTon

Beta Gamma

14,090

2,690
17,725
22,180

37,630

7,180
2,230

80

60

550
1,220

430

540

6,310
620

47, 270
100

4,690

160
90

41,600

38,100

3,590
770

60
1,620

1,140
110

560

6,240

22, 720
65

* After 1 Year "Cooling"

-Count. Curies/Ton

Betla, Gamat
c)

10.635

1,530
13,635

3,280

1,150
1,440

2,160

55
10

455

270

170
360

1,045
245

25, 815
35

280

8,360

15,450

1,200
510

270

420

360
640

2,270

90

165,845 116,665 62,570 29,480

282,510 92. 050

ADS. turiSton

385

2,640

555
1, 040

2,740

92

1,130

17

49

1

1,2zoo

Count. CuriesITon

Gamma Beta

-- 290

-- 1,500
-- 425

1,980 157

2;770 90
45 20

390 1,095

-- 10

49

4

1,120

5
1

266

Gamma

--

400

1, 110
15

260

7

415

After 2 Years "Cooling".

Beta Gamma Beta

5 - 4

2,565 - 1,456
7 - - 5

24 45 4

58 59 2

* 485

3

38

1,173

166

38

1,090

After 4 Years "Cooling"
Abs. hiriesITon Count. Luri/TO

Gam Bt

Gamma Beta

-- 4V

Ga-a Bea9

1,37

After 8 Years "Cooling"
AXs. ures/on Count. Curies/Ton

Ga4an Beta Gamma Beta

2, 173 -- 1,230

9
i4

470 110

5 5

260 404

84 29

23 23

1,127 1,050

81 19

3 3

250 388

3 1 3

8 8

1,033 964 230

5 5 1

11, 36023, 630

4,010

160

70

37,724 17.793

55, 517

12,900

240
240

70 -.

1,140 9,400 4,518 5,135

- 3,372 -- 202

- ,155 -- --

48 48

17,000 3,350

20, 350

453

17,333 5,964 7,545 1.005

23, 297

1,496

2, 327
145

25

720 809

-- 139

25 --

7,654 1,847 2,660
9,501 3,140

72 37 18 20

-- .. 1.100 --

126 -

-- 66

65

480 4,490 1,000 1,550

5,490 1.910

After 12 Years "Cooling"
Abs. CuriesTon C ount. L urlesTron

amma Beta Gammra Beta

- - 1943 1.144

357 953 887 212

4

SI I --

-- 518 -- 31

- - 110

-- 2 2 --

360 3,523 890 1,387

4,413

Gamma

329

1.716

DECLASSIED

(a) The countable beta curie is defined by counting each isotope under the following conditions;

(1) Using a counting instrument which operates through a 3 mg. /sq. cm. window. (Under this condition the beta ray absorption

loss In the window will range from 48% for 0.15 M. e. v. particles to 10% for 0. 6 M. e. v. beta particles). Such a counting instrument

may be of the mica-window, Geiger-Muller type.

(2) Taking the counting measurements on 100 mg. /sq. cm. sample. (Under this condition the beta ray self absorption loss
in the sample ranges from 98% for 0.15 M. o. v. particles to 72% for 0.6 IM. e. v. beta particles.) -

(3) Adequately correcting for all other counting variables, such as geometry, etc.

(b) Countable beta curie factor for each isotope (obtained by applying the above conditions). The countable beta curies are obtained by dividing

the calculated absolute curies by this factor.

(c) The countable gamma curie is defined by counting each isotope under the following conditions:

(1) Taking the counting measurements on a 100 mg. /sq. cm. sample.

(2) Using enough shielding (1.8 gm. /sq. cm. of aluminum) to shield the maximum energy beta rays (3.55 M. e. v. for Rh 106) from the

counting instrument.

(d) Countable gamma curie factor based on (a) and (b) above. It may be noted that the countable gamma curie factor is considered less exact

than the beta curie factor because there is less experimental data upon which to base the gamma factor.

Isotope

Sr 89

Sr-Y90
y 91

b95"

3

WRh 106
3

5

*QATe 129
'Ba137

Bae 4
La 140

C-Pr 14

-Nd 1 7

Pm 147

"W-19140

r

Abs. Curles/Ton Count. Vuriesi/Ton
G

--
--

329

8, 550
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Table 11-3

COMPOSITION OF URANIUM WASTES IN UNDERGROUND STORAGE TANKS

Source of Data: HW-14157

Source of Sample

101-T Supernate
101-T Supernate

-101-T Supernate

102-T Supernate
10' -T Supernate
10C-T Supernate

103-T Supernate
103-T Supernate
103-T Supernate

103-U Supernate
103-U Supernate

101-T Sludge I-? ?
101-T Sludge I- ? ?

101-T Sludge 1-3,(a)
101-T Sludge 1-2'
101-T Sludge I-I

101-T Sludge 0-1'(b)
101-T Sludge O-Bottom

101-U Sludge 1-4'
101-U Sludge 1-3'
101-U Sludge 1-2' 7"

101-U Sludge 0-3'

102-U Sludge 1-1"
102-U Sludge 0-1"

Date
Sampled

Non-Radioactive Constituents
Moles/Liter for Supernate; Moles/Kg. for Sludge

U

7-47 0.0282
8-47 0.0244
11-48 0.0282

7-47 0.101
8-47 0.0916
11-48 0.0903

1-47
8-47
2-48

0.112
0.103
0.111

Na P0 4

3.06

2.92

0.405
0.369
0.33

0.33
0.304
0.263

-- 0.358
-- 0.341

3.31 0.267

2-49 - 0.084 1.48 0.105
2-49 0. 084 1. 61 0.105

6-48 0.471 5.04 1.1?
6-48 0.563 3.7 1.41

11-48
11-48
11-48

11-48
11-48

2-49
2-49
2-49

2-49

0. 681
0.857
1.53

1. 45
1.53

4.52 1.35
5.04 1.07
5.96 0.505

6.57 0.170
6.35 0.16

1.38 5.52 0.64
1.11 4.09 0.52
1.15 5.35 0.56

1.12 4.70 0.55

2-49 0.445 4.74 1.43
2-49 0.639 3.70 1.11

S04

0.296

0. 248

0.282

0.177

0.260

0.225

0.115
0.115

0.25
0.23

0.20
0.125
0.08

0.08
0.06

0,0292
0. 0214
0.0265

CO
3

0.45

NO
3

0.56

0.507 0.771

0. 912

0.33
0.30

0.05
0.02

0.263
0.427
1. 92

4.25
4.38

3.02
2.77
2.70

0. 0316 0.68

0. 0529 1.15
0.0965 1.50

Mol Ratio
Bi U/P04

< 0~4

< 10-4

< 10-4

0. 603

0.37
0.39

0.82
0.26

0.070
0.066
0. 085

0.31
0.30
0.343

0.313
0.302
0. 416

0.80
0.80

0. 406
0. 399

0.504
0.801
3.03

Radioactive Constituents
Counts/ Min. /MI. for Supernates; Counts/Min. /Mg. U for Sludges

Gross Gross Gross . Pu Othe
Beta Gamma

1.45 x 10 4.93 x 10

Alpha

37.85 x 10

4 3
2.82 x 10 4.03 x 10 5. 20 x 10

7. 40 x 1 1.61 104 --

6.42 x I 1.76l0 --

1.70 1 6 5.80 x 104
2.15 x 10 3.68 x o2

1.44 x 10 2
1.51 x 102

Alpha Ce Beta Cs Beta No Beta

6 6 4 6
-- 2. 35 x 10 8. 59 x 10 8. 97 x 10 3. 53 x 10

7-- 1. 37 x 10
3 6

1.56 x 10 1.I ox O
1. 63 x 103  1.04 x 106

-- 9.10z10 5
- .22x 105

6 4 6
7.39 x 10 3.67 x 10 5. 08 x 10

3. 54 x 10 7.12 x 310

3.78 106 8.48 x 103

51.85 x 10

53. 04 x 10

135106 9. 90 x 10
1. 40 x 106 2. 70 x 104

8. 24 x 164 5.05 102 4. 25 x 10
3.59 x 104 1.46 x 10 3. 09 x 104

8. 5
9. 6

0.03
0.05
0.56

0.03

0.05
0.03

2.16 .
2.13
2.05

2.04

0. 311
0. 576

3.13 z 106
5.15 x 105
1.35 x 106

8. 60x
1. 49 x
4.35 x

10
102
102

2.93 x 106 9.58 x 10 2

1. 75 x 106 5. 42 x 102
4.07 x 10 14 x 1 102

94. 40
56.20
89.00

112.00-

198.00
50.00

2.11 x 10
1.46 x 105
9.35 x 105

7.74 x
1.39 x
5.38 x

1.78 x 103
2.88 x 10
1. 26 x 103

164
104

104

2.26 x 106 9.48 x 104 4. 07 x 10'

8.48 x 10 4
1. 62 x 104
3.61 x 104

8. 97 x 104

1.Is x 10 5.0 x4 .38x10 4. 66 x 10

2.74 x 10 2. 42 x 104 2.85 x 102 1.83 x 10

Zr Beta

31. 95 x 10

41. 49 x 10

1.47 x 10
1. 38 x 10

2. 24 x 10 3. 36 x 10
3. 92 x 10 4. 75 x 103

8.80 x 10 4
4.26 x 104
7.74 x 10

1.16 x 10 5

1. 56 x 10
4.88 1 104

3.25 x.10
4. 98x 31.46 x 10

4. 03 x 10 3

1.46 x 10
1. 70 x 102

55. 20 x 10 61 x to6

x 10
2 x 105

1.49 x 105 3 x05
-- x106

8 x 105
2 x 105
2 x 10

4 x IO5

3x 10
4 x 10

I - Inlet sample; dimension is depth of sample measured from bottom of tank.

0- Outlet sample; dimension is depth of sample measured from bottom of tank,

NOTES:
(a) Counting Conditions:

Alpha: Simpson proportional counter, 52% geometry.

Beta: Mica end-window G-M; 10. 2% geometry.

Gamma: Mica end-window G-M. Al-Pb-Al sandwich on first shelf, sample on
second shelf; geometry not stated.

(b) To convert the stated counts to microcuries (per unit volume for supernates, per unit'
weight for sludges), multiply beta counts by 4.45 x 10-6 and alpha counts by 8.7 x 10-7.

(c) By difference.

B

DECLASFE

DECLASSti I;-

Legend:
(a)
(b)

Betac'm BetaSr BetaRu Beta

ETUT-1-At
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FIGURE U - 2

VARIATION IN SLUDGE COMPOSITION WITH DEPTH

SOURCE OF DATA, K-337

SAMPLES FROM TANK 101-T INLET

TAKEN NOV. 18-19, 1948

LEGEND'-
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Figure 11-3
SOLUBILITY OF SLUDGE COMPONENTS

SOLUBILITY OF Na 4 UO2(C0 3)3EFFECT OF TEMPERATURE a OTHER IONS
- Source of Data: M-4238 -

. EGEN D
Curve I , Solvent Water
Curve 2, Solvent 0.5K Na 2SO 4

0 to 20

0.51 M Na 2 CO3

2
30 40 50 60 70

Temperature, C.
80 90

SOLUBILITY OF NoUO 2PO4 IN ND2C0 3 SOLUTIONS

Source of Data: INDC-3869

LEGEND
Solid Lines - Concentration of U in Solution

60I-Broken Lines - Concentration of P0 4 in Solution -T- -
A - Solubilities
B - Solubilities

- -
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PR HW-19140

FiOure RO- 4
DISSOLUTION OF SLUDGE FROM INCUBATED

SIMULATED WASTE

RUN N2
incubation -
34 Days at

3 AT ROOM TEMPERATURE
800 C. Source of Data: INDC-3681

50

40
0

0
I-.

20

a 10

0

BB

A -

L EGlIND
A. Added 1000 MI. HZO
B. IOOOMI. of Liquor Removed

± a Replaced By IOOOM. H20
C. Removed All Liquor a Replaced

-M By 3000 MI of I M NaHCO -
Hilo I ----

Add T Drained Sludge

-OA TIM 5 RL7 8
TOTAL TIME OF RECIRCULATION, HUNDREDS OF HOURS

RUN N2 5 AT 50* C
Incubation :
50 Days at 809C.

4I A .C
S 35'- - , - - -

30-
LEGB E

0 20 - -- --

10 0 - - - - -

L E G E IN
A. Volume Reduced to 2000 MI. Added F.

1000 Mi. H20.-
S. Pump Failed. All Liquid in Tank. G.
C. Volume Reduced to 2000 MI. Added H.1000 Mi. H2,0.
0. Volume Reduced to 2000 MI. Added

1000 Ml. HO.
E. All Solution Removed. Added IOOOMI.

M0.

Source of Data: INDC-4256
(KLX -1065)

H

10 1 1 13 14 15 16
HUNDREDS OF HOURS

D

Volume Increased to 2000 Mi. S
Mode 1.25M In NaHCO 3 .
Added 1000 MI. I.25M NaHCO3 -
Volume Reduced to 2000 Mi.
Added 1000 MI. 1.25H NaNCO-
All Solution Removed. Added
3000 MI. 1.25M NaHCO 3 .
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FIGURE 1 -5 .
VISCOSITY OF SUPERNATE AS A FUNCTION

I OF TEMPERATURE
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Figure II -7

APPARENT Dfl-SITY OF SIMUIATED METAL WASTE SLURRIE.
EFFECT OF SOLIDS CONCENTATION

(Data from llD-18367)
Material: Supernate and sludge from simulated metal waste

(initial composition; 0.29 M II , 0.40 M YaPO4, 0.25 B

NeSOL, 0.07 M NaCO-, o.16 M NaTOT3 , 0.71L1 NaHCO ),
incubated 6 months'at 50 750 C.

Legend:
- - 25 C.
Y 400 C.
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Figure i1-

APPARB3V YISCOSITY OF STITHETIC !ETAL '*STE SLULRISS
EFl'CT OF VEOCIY IN PIES

(Data from I-17775)

Test Method: Pieline viscometer. Apearent viscosities were

calculated froz. pressure dron versus velocity data, using

a Reynolds No. curve preared from su'ernate califration

data, and assuming the s-pernate to have a constant

viscosity of 1.77 centipoises.

Material: Sxnernate and sludge from simulated metal waste

ifnitia. composition; 0.29 M V.E, O.LC M :aPCL, 0.25 '

!TaSOu, 0.97 M '7aCO, 0.16 M TaSC-:, a. 3Lh !TaHCO,),

incubated4 Sonths-at S0 ±Th0 C.'

Leend:
Lgn 6 in. pipe; 0.44 surernate-to-sludge volume ratio.

in. nine; 1.17 surernate-to-lls'±e volume ratio.

1 1 in. pine; 2.29 susernate-to-sludge volume ratio.

-x-- 1 in. -nine; 4.15 swernate-to-sluge volume ratio.

- 1. in. oi7e; 5-35 su-aernate-to-sludge vol-me ratio.

10
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CHAPITE III. FEM TREPAfATION

A. ACIDIFICATION

1. General

Approximately 23 million gallons of waste containing 5900 tons of
uranium metal will have been acomulated as of January 1, 1952, in the
Underground Storage Tanks of the Bismuth Phosphate Plant. Originally
highly acidic, these wastes have been neutralized with NaCH and Na 2 C0 3 ,
and during the subsequent period of storage they have formed complet pre-
cipitates of sodium uranyl carbonates and phosphates, which have been de-
posited in strata as a function of their relative solubilities. A discus-
sion of the origin, nature, and characteristics of these stored uranium
wastes is presented in Chapter II.

In the process of removing the waste from underground storage (pro-
cedure discussed also in Chapter II). the sludge and the supernatant
liquid are mixed to form a slurry or suspension representing as closely
as possible homogenization of the contents of each tank cascade. This
slurry is treated with 60 per cent nitric acid to dissolve the solids and
produce a homogeneous solution, which may then be used directly as the
aqueous uranium feed to the solvent-extraction battery, or my be concen-
trated and further treated as desired.

The stipulated flowsheet conditions, e.g., Flovaheet TBP-W No. 4,
are idealized compositions representing sludge and supernate slurried in
the ratio in which they exist in the thdarground Storage Tanks. (The
over-all sludge-to-supernate volume ratio is estimated to be' about 1 to
7). In actual practice, the compositions available may vary between the
limits of all sludge to all supernate, depending upon the success of the
sluicing operation in the homogenization of the liquid and solid phases.
In the event it becomes necessary to use water as the sluicing agent, feed
streams for the acidification procedure will then consist of (a) supernate,
and (b) ater-slurried sludge.

The following table presents the compositions (before acidification)
of (a) sludge, (b) supernate, and (c) slurried sludge and supernate com-
bined in the proportion necessary to meet flowsheet specifications. The
sludge presented in this table is a material of high density (ca. 2.6
g./cu. cm.), which when slurried with supernate in the ratio of 1 volume
of sludge to 15.7 volumes of supornate, gives the combined composition,
as shown. It is recognized that appreciable deviations from these com-
positions will be encountered in individual tanks (and cascades) as a
result of differences in aging periods as well as the alterations in the
bismuth phosphate process flowsheets which have been made from time to
time, and which have thus affected cortosponding changes in the waste
composition. (Sea Chapter II for more complete information.)

14
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Composition of Slurry Sludge. and Superxate
Before Acidification

Component

Na+
p04-3
So4-2

-CO 3 - 2

N05 -
01.

Combined-
Sludge and Supernate

r- L.Lb.Gal.

0.26
3.93

0.25
0.70
0.66
0.02

61.9
90.4
23.7
24.0
43.0
40.9

0.7

0.52

0.75
0.20
0.20
0.36
0.34
0.01

*Estimated density of 2.63 g./cu. am.

The acidification step maybe accomplished either by the addition ofacid to the a3urry (the direct strike), or the addition of slurry to theacid (the reverse strike). For reasons explained under A. below, thereverse strike was selected for the acidification procedure.

A tabulation of the composition of acidified feed is presented belowas a function of the type Of uranium waste being processed. The compo-sitions are based on acidification with.Go per cent fl0 3 to produce afinal solution contani 2.01 . e. The amount of nitrid acid requiredis based on the absence of hydroxyl ions or basic salts in the originalwaste.

Average CompositionOf Slurry, Sludge, and Suernate After Acidification

GSupernate M d.GehiG.=m. Lb.iGal. 
-Gl

0.08
3.33
0.20

0.26
0.49

0.85

19.'0
76.6
19.0
25.0
29.3
52.7

0.16
0.64,
0.16
0.21
0.24

0.44

3.1-
13.4

1.0
0.1
4.0
6.3

733
307

95
13

241
391

6.n1
2.56
0.79
0.11
2.01
3.26

Component

U
N+No.

P04-3
So4-2
NO-
C10
E+
Free

Titra-
table
M103

Combined
Sludge and Supernate

. G±ffLLb. /Gal-.

0 20
3.00
0.19
0.19
3.59
0.017
2.01

47.0
69.0
18.0
18.2

226
0.6
2.01

1.06 66.8

1*82 115

O.4o
0.58
0.15
0.15
1.88
0.005
0.017

0.56

0.96

Suernate*
i G./L. Lb. Gal.

0.14
5.72
0.34
0.4
5.14
0.034
2.01

33.3'
132

32.3
42.2

319
1.21
2.01

0.1 6.93 0.06

0.28
1.10
0.27
0.35
2.65
0.01
0.017

1.67 105 0.87

Water Slujied

r L..Gal.

0.38
1.66
0.12
0.01
3.78

2.01

1.63 103

1.89 119

90.4
38.2
11.4
1.15
234

2.01

0.75
0.32
0.095
0.01
1.95

0.017

0.86

0.99
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) Acidified to 1.0 M t followed by a two-fold concentration (to

0.14 mU) to pernit a higher production rate. This represents the

maximim degree of concentration possible since further evaporation

produces a solid phase. (See Chapter IV.)

Slurried with water to give a. uranium concentration of 0.50 M before

acidification. Although not necessarily the optimum feed compo'-

sition, this represents an attainable and desirable feed. The maxi-

m= uranium concentration permissible will be determined by solu-

bility relationships which have not been defined for U:PO ratios

that are significant.ly greater or less than unity.. (See Chapter IV.)

The three commonly used methods of expressing the acidity of dissolved

uranium waste are defined as follows:

(a) E+ is the total hydrogen ion concentration in solution, with

S03 11 I80 4 , and B3PO4 considered as being 100 per cent ionized.

(b) Free NO is the total hydrogen ion concentration, less twice the

sulfate -nd three times the phosphate concentration, and is based

rn on the following compounds in solution:

M10, 8 1 4 , H3P0,, NaNO 3, and UO2 (N0 3 )2'

('c) Titratable ENO is the total hydrogen ion concentration, less

the phosphate oncentration, and is based on the following

compounds in solutior:

ENO3 , N a2SOk4 Me2 iP04, NaN0 3 , and U2(NO )2'

2. Stoichiometrr

The molecular species existing in the sludge are largely complex

sodium uranyl phosphates and carbonates. The following typical reactions

occur on acidification:

(a) IaU02 (0 3 )3-+ 6N03 -- 4N&NO3 + U2(N03 )2 + 3H20 + 3C0 2

(b) NaU02P 04 + 3K03 - NaNO + UO2(NO3)2 + H3P

The nitric acid required (on the basis of these 
reactions) and the

amounts of CO evolved are presented in the following table as a function

of the type oi uranium waste being processed . The data are based on the

recovery of 10 short tons ot uranium per Sit-hour day. The slurry dissolu-

tion rate corresponds to 52' pounds of uranium per minute, this value being

derived from the homogenized slurry addition rate to the Bllend Tank of 100

gallons per minute. The final acidity is 2.01 M I+ for the resultant solu-

tion of slurry and water-slurried sludge, and 1.0 M e for the supermte.

S DECLNSSIED
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HNOg Requirements and C0% Evolution

t'eum Waste Processed

Water-SlUrried
Slurry Supernate Sludge(0.26 M U) S (0. 5014UU-00 L4U) -3 0 14 U)

Rate of Feed Addition
Gal./Min. for S.i > 325 52

Amount Of 60% 00-Aper fly,3 Required 12,500 20,500 6,000Per Day, Gallons. 0

C02 Evolution fuing- Feed 230
C=J Addition (Reverse Strike),

Cu. Ft.Adin.

The evolution of C02 is uniform under reverse strike conditionbtathe sam lurry disdO~ut±om rate Under direct strike conditionsa

e to be three times13
3. Reat volution

-uThe, et ev ed. a he Sc ification of slurry (7-to-l sup rate,.to
B.t.uge l r i about 13 gam-cloriea per gram of slurry or 23.4.3dtaua/lb .t-ditThis correspond, to a temperature, increase of 16C. underadiabatic conditionsC.une

Methods o Addit±c 8r at n ar at Physical Canges

A Pnvouoly- statue, two' methods of' acid addition Were considered
(b)there.e(ar.).the -drectstrjw (additinm of acid to the slurry), and

disadvantages of the direct stri slurry to the acid). The serious
is adva ntae s of t e d t, ( )tk e a r (a), the formation of a highly

viscous Iter xad es fate, ( the high peak evolution of C02, and (c)e xes a±~e -ef a~,g-. Them e udesfrajg0 1 conditions are avoided in the re.-
verse tflb& whMcb w therefor selected &a the optimum operating

-r vcdore.it.

AstUdif tiatratu e _g:, viscosity an a function, of slurry*c±ifat~r4 cttriksconditions reaches a maximm> of 850centiptis at e' - T' .Wen t're rse strike is employed, the-
f l z w o a8 t y - ' 8 ' a n r f t u b y & .l i n e a r d c r e e s e r o t 2 .0 ( v i s c o i t y atSox e)t a 5 ' intl po neaa r the fina l sol xt n io (F igure-

'*DO wfzotbwhe wlntcn under direcrt strike conditoionI alsoa

1"Ah W7-
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shown in Figure III-1. precipitation of the uranium begins at a pX of 9

and results in a highly viscous suspension at a pH Of 1. The sharp break

which occurs between the pH limits of 1 to 4 has been proposed as

*plemental rthod for controlling the final acidity of the solutionu

Under reverse strike conditions, the solutionl remins acid throughout the

dissolution period, decreasing fron the original 13 M (60%) to 1.06 m

free INO)3 .

4.3 FLai

Foaming is slight under reverse strike conditions. At a slurry

addition rate of 100 Gal./(ratn. 3 (sq.ft.) of acid surface area, the foam

height is less than one inch 13 . In contrast, on rapid addition of

acid to slurry, the resulting mixture increases to 7 to 10 times its

original volume as a result of foam formation.

5. Method of Control

5.1 Introduction

The dissolving stop is so controlled 
that the resultant feed solution

for the RA system exhibits the maximum stability with the mininmm excess

acid content. Too low an acidity (i.e., the addition of too much slurry

to a given volume of 60 per cent 1N13) results in a solution from which

precipitates will be formed as a. function 
of tine depending upon the

final acidity, eil., slirr acidified to 1.8 M ] is stable only for a

period of about 12 rstiS . Since facilities exist at the 241-WE Diver-

sion Vaulb and in the TEP Plant (Building 221-U) for the detection and

adjustment of the acidity, it is essential only that sufficient ENO be

present during the initial acidification to maintain a stable soluDion

for the period of transfer from the Blend Tanks to the a4W Diversion

Vault. On the other hand, the use of excessive amounts of acid (greater

than the final 2 M H+ concentration required to give an indefinitely stable

solution) is economically undesirable and has also been shown to be un-

necessary from both the chemical and operational standpoints.

5.2 Turbidity

A turbidimetric method is used to control the final acidity of the

solution. 'The rate of dissolution under reverse strike conditions is

very rapid, and thus the change from a siglq to a two-phase system at

the end point permits a method of control t7. Slurry is added to the

acid in the Blend Tank until the formation of a permanent precipitate

is indicated by a turbidimeter. The suspension is then backNtitrled

with enough NO 3 to dissolve the solids, and aupernate and fl03 are

ae if required, to adjust the solution to the aesired uran l con-

centration (0.18 M, density - 1.26 g./cu. cm.). At the tine of this

writing, incorplete data are available as to the relative amounts of acid

and slurry necessary to produce the required turbidity as a function of

slurry composition; however, the data available indicate that a satisfac-

tory degree of control is possible.

5.3,E
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An al trnat±e method of control is provided with the inclusion ofPH electrodes in the Blend Tank, in addition to the turbidimeter. Inthe procednre emplo ng pH control, slurry is added to the acid in theBlend Tank until the sharp increase in pH, occurring between pH 1 andpH 4, is noted (see Figure IlEl). Nitric acid is then aIded in anamount required to produce a feed containing 2.01 M H+. (APProximatelyone galon of 60% m0 3 is required for every five gallons of Blend Tanksolution to produce the desired acidity starting with a. pH of aproxi_matelY 1.) The density of the solution is determined, and acid andsupernate are added, if necessary, to adjust the solution to the desireduranium concentration. The major disadvantage of thia method is thequestionable reliability and reproducibility of the readings obtainedwith the gAss electrode in highly radioactive solutions, and in thepresence Of the Suspended solids encountered near the end point.(2)(9)(17)

5.4 laboratory control

Control of the dissolution by means of laboratory analytical resultsis feasible but undesirable because the time required for the analyseswould cons derably extend the time cycle beyond that fixed for this stepby process design. Although more time consuming then the turbidity andtPH methods described in A5.2 and 5.3 above, the following analyticalcontrol method my be used to monitor slurry dissolution. The totalamount of 60% th0
3 required to produce the proper batch size is Dumpedinto the Blend Tank. After approx tely half the slurry expected to beneeded Is added to the ENp3 , the Blend Tank is sampled. From the uranium

and HN03 analyses on the sample the volRe of slurry which must be addedto produce the required feed composition ay be calculated.

B- CCWCZMATIon

1. General

The acidified feed solution is very dilute in uranium. The exact
,M sition my vary between wide limits (probably between 0.03 and 0.7

M) , depending upon the supernate-to.sludge ratio and the particularUnderground Storage Tank cascade from which the material being processedoriginates. Ultimately, the "hot" aqueous wastes from which uranium hasbeen removed must be restored underground. To accomplish this operationin the most economical manner concentration of the aqueous waste streamIs a virtual necessity in order to avoid the economically disadvantageous
situation of requiring more storage capacity than has been made availableby removal of uranium-bearing material from the Undernd Storage Taks.

Tw No. 4ds of volume reduct re indicated in Chemical Flowsheetsndnrath dP-w No , presented in Chapter I. Partialconcentration of the dilute uranium feed stream with the remainder of thevolume reduction accomlshed by concentration of the neutralized aqueouswaste stream is shown by TBP-HW No. 4. An equivalent over-all volumereduction accomplished entirely by concentrating the neutralized aqueouswaste stream is shown by ThP-aW No. 5. The conditions specified inThP-sW Jt involve the advantages of reduced volumes to be handled in
the st equent to feed concentration, and somewhat more efficient

DECLASSIFIED a
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solvent-extraction column Operation as a result of about 10 per cent high-

er nitric acid concentration in the RA Column. The feed concentration

equipment design is based on the TBP-RIW No. 4 Flowsheet, because this

represents a more conserVative approach.. It is also Possible to operate

the plant on the basis of the TBF-II No. 5 Flowshet.

It should be emphasized that the TBP-W No. 4 and No. 5 Flwshests

represent idealized conditions for a design basis. In actual operation

the supernteto-sludCe ratio may vfl7 widely from day to day, resulting

in a fluctuating feed strean composition. However, both the process and

equipment are sufficiently flexible to handle any ratio from 100 per cent

supernate to 100 per cent sludge with appropriate changes to RA Column

flow rates and to feed acidity.

The succeeding discussion is based upon the TBP-EW No. 4 Desig Flow-

sheet conditions. Methods of handling variations from this idealized case

are presented in Subsection D2.

2. Solubility Limitations

The solubility relationships of the dissolved salts in the dilute

uranium feed solution impose a definite limitation upon the degree of cen-

C(N centration which can be attained without solids precipitation. Reference

is made to Chapter IV for a discussion of the properties of uranyl nitrate

solutions containing nitric acid and sodium, sulfate, phosphate, apn

nitrate ions; the effect of degree of feed solution concentration upon RA

Column operation is also discussed in Chapter IV.

As discussed in Section A, above, the hydrogen ion concentration

(free hydrogen ion or hydrogen associated 
with salt radicals) in dilute

uranium feed solution is such (about 2 L4) that 
all salts are in solution

at room temperature. The component of the solution nearest to a satur-

tion concentration at TBP-HW No. crtions is a uranyl hydrogen phos-

phate (believed to be UO 2HPOL kO) 1 fluxing voliue reduction of the

solution by evaporation, u02 O1 4.h%0 becomes less saturated in the solu-

tion because of an increase in concetrdtiof of the hydrogen ion (up to

about 3 M). If the acidity were inceased above that shown on TP-eH No. 4

by additional concentration, sodium nitrate would eventually reach its

solubility limit. However, as discussed in Subsctionl 3, below, the cor-

rosion problem may make it impossible to concentrate to acidities greater

than about 5 to 6 M.

The salt (U 2 )3 (04) 2 exhibits retrograde rolubility characteristics,

i.e., the solubility decreases with increasing temperature. All evidence

to date indicates that solid phase formation during concentration will

be caused by the formation of the retrograde soluble salt (002 ) 3CP 152

Other components of the feed solution (principally So4) will prob-

ably offer no important solubility limitations to feed centrationp as

compared to uranyl phosphate or sodium nitrate.

DECuNSSIFIED
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3. Corrosion Limitation4

In addition to the limitationsimposed by solubility relationships on degree of feed Concentration
imrosdn by olubplteltiofthps, another practical limitation,corrosdo Of components of the Concentrator, exists. Stainless steelis corrodi rather rapidly by the chloride ion. The effect increaseswith increasing temperature, chloride ion concentration and nitric acidconcentraton. The concentration of the chloride ion in the uraniumwastes stored undergoun has been determined to be from 0.5 to 0.8

gram. liiter,, resulting from impuritis n roes c~healsn., (chiefly insodium hydroide and sodium carbonate.) racess 
'hmc-.(he j in

Under the concentration conditions specified in the TBP-Ew No. 21
Flowsheety the expecteda corrosion rates on the 309S Cb tub9  n shellof the concentrator are on the order of I toh10 mils/year. i6 ,hcorrosion rates arnot excessive, especially in view of the short-termnaueOf tePlant. Iacdconcentration or chloride content were toMincrease by a* factor of 2 or 3 the corroion of the Concentrator mightbe excessive under the operating conditions employed- t ri

C. CIARICATION

It is Probable that some undissolved solids will be present in the
.acidifie warniumfeed Solution. The solids will most likely consistof such oare. materials as sand,,concrete, bits of glass, and larger

*pieces, such as PH electrodes, that may have been dropped into the tanksduringr monitoring- of the tank contentsd dh

All ted, solutionC must pass through perforated plates in the sol-oefte urctipOn Pulse Columns. (See Chaptors V and XV for a descriptionat the equipment.) The holes in the plates are 1/8 inch in diameter,
and they are, selt-purg±ng to &.degree (due to .liquid velociyadclcreversal of direction of flow through the holes), nevertlity and cycliclimit on. solids particle size is imposed to prevent plugging the holes.

nr uire.my be relie upon to accomplish what gross particlerana IS required. A. 1 0-inch) Bird Centrifuge (similar to those used"it c Bism Phoeh.. TPants) is provided for each of the two paral-p. proaess liner Th.Centrifge Is described in Chapter I.. iZ3 Otimes gavity, or 8 70 re4./min., producing a peripheral force of30tiesgravity,., 870 thei Minj. Nproducing a peripheral force of
4-30Q time, pManty. At the nam~nal'feed flow rate of 13 gal. /Min.,r.tirougb. each, Centrifuge,,tehlu

houp time of liquid In the bowl is about=Enog 7td rostlenee time is sufficient to remove any particles
~Iarg enoua to inefee v t c b operation. High Solution clarity, 

'
.,,, At at nor ; ft deemed neces r for the TBP process..
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D. DECLASSDUIE
1. NOrmal Procedure

1.1 General

The normal operating procedure described her i e up No.

stram lais ad cmpOitina indicated in Chemical Platishet TBP-W10
stream flows and cOMPOsitie rocedures implied 'by the engineers'

(presented in chapter 1) and upon thelprocdrsipidby 
h nier

f7.ow sketches of the uraiuflwaste removal operation (chapter II) and of

t .e uranium recovery process (Chaptr VI).

It is recognized that uranium feed strem compositions will very con-

siderably from the arbitrary normal as defined above, with a resultlt

k:_n variance in the volumes involved for a given production rate (normally 10

tons uranium/day, instantaneous rate). However, with few exceptions feed

preparation procedures remain the samen. Variations from normal procedires

caused by non-uniformity of feed solution compositions are discussed i

Subsection D2.

1.2 Acidification

As discussed in Chapter II, 8 total Of four slurry accumulation-

acidification tank groups are provided for processing the slurry removed

from the fourUndarground Waste Tank Warms. The following discutih

applies to the equipment associated with the 241-U Tank Farm, but the

general procedure description applies equally well to other 'Tank Warwp

and their associated equipment The folloving discussion is based on the

engineers floaw sketch on uranium waste. removal in Chapter I.

After the contents of the Slury Accumulator, TK-U.001 have been

recycled through a 241-U Cascade until the uranium concentration has

reached 75 to 100 grams/liter as described in Chapter 11, about 5000

gal. of slurry are jetted from TK-UB-00 into about 3000 gal. Of 60%

nitric acid in one of the two Blend Tanks, TKUTR-00 2 or TK-OE-0O3, depend-

ing upon which is available at the time The quantities quoted are based

upon 5 short tons uranium/day since it is assumed that 5 additional tons/

day will enter the processing system from one of the other Undrgtoulnd

Storage Areas (2141-B, 2I41lC, or 24l-T). An interlock between the Ben

Tank agitator motor circuit and the slurry transfer jets in the Slurry

Accumulator prevents slurry transfer unless the Blend Tank agitator is in

operationl. Cooling water is routed through the Blend Tank coil during

slurry addition. About 100 Der cent freeboard is aintainoed in the B1end

Tanks to provide capacity for containin the foam evolved during the dis-

solution of the solids from the slurry. About 2000 gal, of clear, homo-

genized supernate is added from one of the Underground Tanks being pro-

cessed to the solution in the Blend Tank to adjust the uranium cOntzoittf

tion to the average value of about 45 grams/liter. This concentration

figure, as well as the quantity of supery Be added, may vary considerably.

In some instances, Blend Tank sampling may be required to determine the

amount of supernate which is to be added.

tE .1ItDECLASSIFIED
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The contents Of the Blend Tank are pumped to the Feed Receiver ank

ST-R-00 located in the 241-wii Diversion Station, Ti esl(000 Igal. capacity) has about 1- RDvrio tto This veceler Ta,00acidified solutionut 1-1a to 2 days capacity (5 ton basis) a ,
ci ig from the 200 (A duplicate Feed Receiver, T - 400 3

cuivn g f rmally bate cascad F s the same capacity.) Acidifiedout isF n y ad from the Feed Receiver to the Feed Sampler,

TXKnWm-o04, where inventory is accomplished, and thence Pumped into one
Of two Feed Receivers, TL3-..a T-3-6, in the 221-U Building.

lw of th03 fad. roes feed vessels (two Feed Receiver Tanks,NR .o n 0057i and tw o Feed Samplers, fl- w a . and oo4) in the 24T-w. -flversion Stati 0o elther are or can readily be interconnected; therefore.
a great deal Of flexibility as to routing Of Process feed solution isavailable in the Diversion Stato, Each vessel in the Diversion station
is provided with chemicaladiinlnsfrajtmto 

ouincn.centration, if required. addition lin es as te Of slion cn

1.3 Feedconcentration

Each ofthe two Feed Receivers, TI-3-1 and TK-a-6, in the 221-U Build&NrJng contains e acidified uranium solution to provide IC)operating time at the rate of 5 tons/daY- (Since each receiver
serves duplicate Processing lines continuousl~y, a net prodctorte oa p is attained.) For purposes of thi discussion

onlyr One Of the duplicate feed concentration systm Is described. In the
followng4 discussion referec is Made to the engineers; flwsec(Chapter VI) Of the urat recovery process.

Dlilute uranh solution is continuously Pumped from Feed ReceiverC TK.3lk to the concentrator Feed Tank, TK-h6, at the rate of about
19 st/m±n.The exact flow is controlledpby the liquid level in the

Concentrator pee(L Thnt. The solution is cotnojpupdfo 
hConcentrtor Fee~rTn to Ont UOU8ly pumped from thoerto r fe no a long9tue eaOratori Concentrator E-6-1, in

tho sm ce l, at a. no lajrate Of 19 ga./min. The Concentrator bottomsr in the Feed Cooler, T-6-2, at A rate regulated by weighttactou i nstru mx +a~~ on the Concentrator so that a u i yor m effectie -
liud e elin a in th e Concentrator Overheads from the Concentrator
are de.. e -cnxne& inthe vapor space of the Concent tor and then rou ted
i n t e ..a p S r pi n g C o l u m n , T - - J &, w h e r e n i t r i c a c i d i s s c r u b b e d

fr te apr (anx d furthr decontamination of the is attain ed
bally to thef top plate at a anually-cOntrolled rate (3 gal./min.

o t h , t o l a e , T h e . a c i d s c r u b b e d f r o m t h e C o n c e n t r a t o r o e r -head% in the Strippig Column reJoin the concentrated feed solution inthe. eed Coole. The acidfree vapors are condensed in Condenser -6-5
and routed Out of the, '223a Building to oneoftreCodrg~Rcier 

'Tn kP T8 a1 009 . in the .241 -WR Diversion station for
evenua disposalj to cribs: if decot~~intlrne 

r e.(edior"L o ar met.(e
C~pt~~ fl or-A dicuaa±~,ol-f the cribbable waste problem.)Steam flow- rate to the Concnm

eor is controlled by the rate offeelat , to he C n erator c on or n with the degree of conaen .
trtindeir.(about 30 Per cent oiay)

yr ~~at ECLASSIFIED
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Partial cooling of the concentrated feed stream is affected in the

reedCoaerbutthi veselserves chief ly as a pumprOut tank to the

Feed Cooler, but this vesselK-6-7, located in another cell. Concentrated

feed is continuously pumped 
there at a nominal rate of 

13 gal./Min., but

the exact rate is controlled b the liquid level of the Feed Cooler.

1.4 Feed centrifuWttion

The Concentrated Feed Receiver, TK-S-7, also serves as a feed tank

for the Centrifuge, G-14-:1. The Centrifuge is dscribed in detail in

Chapter XVI. Uranium solution is pumped to the Centrifuge at a nominal

rate of 13 gal./min. Since holdup time in the Centrifuge bowl, at this

rate, is only on the order of 5 minutes, the Centrifuge rotates at its

maximum speed (1740 rev./min.) to produce a force 1730 times that of

gravity at the edge of the bowl. clarified solution cntiu over -

flows the bowl of the Centrifuge and is routed into the Centrifuge Catch

Tank, TK-1 4 -2. The liquid level in TI(14-2 controls the rate of feed to

the Centrifuge. Chemical addition faciliti 8 to the Centrifuge and a

jet leading from the centrifuge to the Waste Utility Holdup T)nk, Tf 4l

provide a means for disposing (by dissolving or slurrying Out) of solid,

accumulated in the Centrifuge during normal operation. This material

my be either reworked or disposed of to underground waste storagefai-

ties from the Waste Utility Holdup Tank.

Clarified uranium solution is continuously pumped to the RAF reed Tank,

TK-19-S, at a ratld governed by the level of TjS-19- 6 (nominally about 13

gal./min.), for fueding to the solvent-extraction battery.

2. Remedy of Off-tnAfd ConditioS

2.1 WideM 
tent of the feed

It is recognized that considerable variation in uranium content of the

feed solution will occur. The co)ination of liquid level and veigbt-f8Ctor

instrumentation (and possibly sampling) will inicaSte the approfthe

uranium concentration in the Slurry Accumlator samples taken of the acidi-

fied feed in the Teed Sampler, TX-WR.00 will indicate the uranium concen-

tration more accurately.

The feed concentration system has the capacity for more concentration

than is nominally required. If desired, moredi1thnthbnflOel reeds may

be concentrated further than the normal 30% (within the limitation s

described in Section B). The flexibility of soveftoxtraction procedures,

which enables satisfactory axtraction of uranium from feed solutions varying

widely in composition, may eliminate tpte red for special remedies in the

feed preparation portion Of the process. (go See Chapter VI f or a dis-

cussion of the adaptation of the sovent-extraction battery procedure to

varying feed uraniun concentrations.)
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2.2 Abnom acidDECLED
Concatnion4nt

Thlo- coniinvl
T h cnd±, TW -4i. l be detected, in sampling from the Feed Samplery means T o If the acid concentration is too low, e pe

the Feed of chmical addition facilities to the Feed sampler Tankddorthe FedReceiver Tanksa, X-3-1 and TX- 1-
If the'acid concentzratja~~i o ih tmyblos'~t oduthe solution eithe r in the tan o th it maivbe sib ti hold upthe eedUtility Holdup Tank, =_C4Q until- itva eblendedatith or.Scid-content feed. However, because', oft ith canbibily e of t lolwnt r-extraction procedures (see Chapr Of he flexibility ad Cfonr

tion.my not necessarily be. detrimentai (except inSofa ascd concentra-ttn, Is limited._(zetisfra'fe 
ocn

ly to the COancentrator

f t Of faun e Of feed supply, as indicated by the weight_
fcor- alarm On the Cocentrator Feed Tank, TL.6-.6, atrtybedecd

teo the Concentrator until the Sitution ber-recedor heConcentrator slowly shut down. Th ain~ calle os
yaintenance of the On the line" status of t Cce arrangement allowssupply can be restored within a reasonable tCOncentrator if the feed

2.>&esVe acidityorad condensate
This conditio abedttcondensate cotiomy, be, dtced. by rU monitoring and sampling of theStriear* 1. 1AY indicate too higha the

Stripj~ Couma, T-.6-.4 I n which case autj backon teoc n thegh be reurd,.at ls cutting back On the concentration
.rate nig t be'Buie , t last temporarily. I c e a ~ th m u t oreUr a y aid in crrectin the off-s ncreas thcondti
2.5 Total failure of an e-uipen

Sany equipmat piece falls or is removed from service temporarily
fuo le a frs (f o r e ca li 8 . ev ap orato r tu b es ) ; th e to ta l p re -sincethlodra thrown Poll the dulicate fee& Prepanetjo lnesince~ - 1Y tboap c t h o a eOullmot'6 B8 catad with each line is u fI.
cion to supl boh olbate

0 5
2,-.6t.Failure Of

reed Cooler pt dp

th is readto, 8 actj by the hi&-..vel weigh ~ actor alarn on
the, redO "r ecatj60 of t210 limited holdup tine in this pumpouttank anInterlock that will hut down the Cnccntrtor Feed Take p
I provided between dthe Concentrt 07 Feod Tank Ptrp and Weed Cooler -Pumpht.will .iflfloperaton Ds of the Jet spare for th o er

Placed back, in sperati to continue until the Feed Cooler pump can be

4 4 net~iAOOirI~fl 4- k*14EinAzrur~r~*- ~. - ~ t'4C;.~y. 
UbVbflVVIIEW<is'

.. >t.4 ~
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CBAP IV. PROCESS CHEMISTRY (SOLVENT-EnTRACTION)

A. PROCESS fESCRIpnIN

I- Basic Principles

1.1 Introduction

The TBP Process utilizes the preferential extractability of uranylnitrate by tributyl phosphate (TBP) to separate uranium from the fissionproducts and plutonium with which it is associated in te uranium-bearingwastes from the bismuth phosphate process. In the TBP Aocess the uraniumis recovered as an aqueous urenyl nitrate solution adequately free fromplutonium~ and the fission-product elements. The present chapter dealswith the chemical considerations governing this solvent-extraction process.M The important engineering considerations involved in the process aretreated in Chapter V, while the actual plant procedure is described inChapter VI. The present chapter covers only the solvent-extraction stepsof the P process. The auxiliary steps of feed preparation, aqueousSmake-up, solvent treatment, and waste treatment and disposal are dealtJ with in Chapters 111, X, XI, and XII, respectively.

The TBP solvent-extraction process is in certain respects bothsimpler and more complex than the Redox process. It is simpler in thesense that only two different solvent-extraction columns are involved(the RA and BC Columns), as compared with twelve in the Redox process.Also, the TBP process recovers only one product (uranium) while two sepa-rate products (uranium and plutonium) are recovered in Redor. On theother hand, the TBP process is more complex than Redox in the sense thatit employs a two-component solvent (TBP in a hydrocarbon diluent) as com-pared with a single-component solvent (herone) employed in Redox.. Alsothe TBP BA-Columa system contains a larger number of soluteswhich sigif-icantjy affect uranium extraction, than are present in the Pedox columns.Besides EN0~3 and NaNO3, which exert salting effects similar to those of
EX03 and aluminum nitrate in Redox, the TBP RA-Columa system also containssignificant concentrations of phosphate and sulfate ions which affecturanium extraction in an adverse (although surmountable) manner.

For a brief outline of the PEP solvent-exraction process, the readeris referred to Chapter I. A more detailed discussion of the process, its
chemical variables, and their effects follows in Section A. Section B
summrizes the important physical and chemical properties of the processmaterials. Section C is a presentation of equilibrium data for the masstransfer of process components between the aqueous and solvent phases.
1.2 Solvent-extraction principles

For the recovery of uranium from the solution obtained by acidifica-tion of the uranium-bearing waste from the bismuth phosphate process, theuse of solvent-etraction involves (a) contacting the aqueous feed solu-tion with an organic extractant to transfer the uranium to the organic
phase while leaving fission products and plutonium largely behind, then

a- DECLASSIFIED -



(b) stripping the uraniut back into an aqueous phase, leaving the solvent

phase available for recovery and re-use. The extractant, consisting of
about 12.5 per cent tributyl phosphate by volume in a hydrocarbon diluent,

is only sparingly soluble in the aqueous phase. Extraction of uranium

into the solvent phase is carried out in the BA, Column; stripping of the

extracted uranium back into an aqueous phase is effected. in the BC Column.

The extraction operation may be carried out in a laboratory beaker

by mixing an aqueous uranium feed solution with a solution of .tributyl

phosphate in a diluent, then allowing the two phases to settle or dis-

engage. The mixing and settling operation represents an extraction

"stage", and it is an ideal or theoretical stage if mass transfer equir
librium between the phases ("phase equilibrium") is attained during the
mixing and settling operation.

Multiple-stage countercurrent extraction may be effected 'by the use

of an additional vessel for each additional extraction stage desired. The

m two-phase system is mixed and settled in each vessel, then the phases are

=Z- transferred. in opposite directions through the series of vessels. Contin-

M% uous-flow column contactors (such as the BA and BC Columns) perform essen-

tially the same series of operations. However, discrete transfer stages
are not apparent in the physical form of the equipment and are not actual-

ly involved in the mechanism of the transfer (see Chapter V). The "Height

Equivalent to a Theoretical Stage" (H.E.T.S.) is the column height in

which the same mass transfer occurs as in the above-described beaker

experiment. The H.E.T.S. and the related "Height of a Transfer Unit"

(H.T.U.), discussed in detail in Chapter V, are measures of the mass-

transfer effectiveness of a solvent-extraction column. The lower the

H.E.T.B. for a given system, the shorter will be the total column height
required to provide the number of transfer stages necessary to perform a

given solvent-extraction separation.

Since the rate of transfer of solute between phases is limited by

the area of contact of the two. phases, solvent-extraction equipment is

designed to provide a large contact area. However, efficient operatior

requires rapid separation of phases, as well as rapid transfer of solute,
and is therefore dependent upon a compromise between fine dispersion to

give maximum contact surface between phases, and coarse dispersion to

give maximum rate of phase separation. Date on disengaging times may be

found in Subsection B7 of this chapter. The pulse column equipment used

for phase contacting in the uranium recovery process is discussed in

Chapters V and IV.

When the aqueous feed solution is extracted with tributyl phosphate-

diluent solution in the TBP BA Column, the aqueous phase salting strength,
the cation oxidation state, and the aqueous-organic phase flow ratio (L/V)

are controlled to favor extraction of the uranium while retaining the

plutonium and fission products in the aqueous phase. However, some trans-

fer of Pu and fission products to the organic phase does occur. Such

contamination of the organic product stream is alleviated by contacting

the organic extract with an aqueous nitric acid solution containing

ferrous ion reducing agent,which returns most of the extracted plutonium

and fission products to the aqueous phase. The letter operation is
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referred to as scrubbing, and. the transfer stages are referred to asscrub stages. Recovery-of the uranium atd the solvent involves contact-ing the scrubbed organic uranium extract with water under conditions whichreturn the uranium wholly to the aqueous Phase in the RC Column. Thesolvent is then countercurrently washed in the HO Column for re-use.
1.3 Choice of solvent

1.31 TBP as a solvent

Tributyl phosphate is en excellent solvent for the uranium recoveryprocess because it shows a relatively strong specific ranium solventaction, which is only partly ia ired by sulfate or phosphate in thepresence of excess nitric acid .7l) Moreover, TSP is stable toward nitricacid and the other components of the uranium recovery process system; itis stable on exposure to radiation, and a TEP-diluent mixture shows asufficiently low mutual solubility in contact with an aqueous phase.h9)Tributyl phoisphate is readily available, sufficiently inexpensive, non-
corros ,nn-toxic, and stovs a low vapor pressure and high flash point.Fo a f especific properties of tributyl phosphate see Sub-section El.

dThe mechanism of uranium extraction by tributyl phosphate is apparent-ly dependent upon the rapid formation of an organic-soluble coordination
comple be en one molecule of uranyl nitrate and two molecules ofurP.y 11tr The maximum, or saturation, solubil4ty is then one mole ofurany1 nitrate in two moles of TBP, br about 436 gra ns of uranium perliter of 100 per cent TSP. The uranium extraction reaction may be ex-pressed by the following equations:

U02 ++(Aq.) + 2N03  (Ag.) ' U02(NO3 )(Aq.), - - - - .(1)

U0t(O3)2(Aq.) + 2TBP(Org.) UO2(NO32'2TBP(Org.), - (2)
which may be simplified to:

U02  .(Aq) + 2N0 3  (Aq.) + 2TBP(Org.) z U02(NO3)2 -2TBP(Org.), -(3)
neglecting the possible presence of water of hydration and nitric acid inthe coordination complex.

1.32 Diluents for TBP

For use as a solvent for uranium recovery, tributyl phosphate must be
diluted by an inert liquid.C72) Dlilution is either necessary or beneficialfor the following reasons: (a) to alter the specific gravity of the sol-vent phase, which for 100 per cent TBP is so nearly the same as that ofwater that phase disengagement would be difficult; (b) to decrease theviscosity of the TBP to favor more rapid phase separation and higherdiffusion rate; (c) to reduce the tendency of TSP to form an emulsion withan aqueous phase; (d) to reduce the mutual solubility of the queous and
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organic phases; and (e) to facilitate stripping the extracted uranium

back to an aqueous phase. High TBP concentration in the solvent phase

extracts more nitric acid in the RA Column which interferes with strip-

ping the uranium in the EC Column.(29)(72) Low solvent TBP concentration

gives an unfavorable uranium distribution ratio at the dilute, or bottom,

end of the RA Column, (23) which results in higher uranium, losses. The

optimum TBP concentration range is 10 to 30 per cent by volume with a

nominal 12.5 per cent specified by the chemical flowsheets(23)(9) for the

aqueous uranium concentrations and salting strengths available, as well

as the phase flow ratio desired. (See TBP-HW No. 4 and No. 5 Flowsheets,

presented in Chapter -I

The choice of a diluent is dependent upon a number of factors:

(a) It must be miscible with TBP and show a high solvent 
action for

the uranyl nitrate-TBP complex.

(b) It must be immiscible or only very sparingly miscible with water

and aqueous solutions.

(C} It must be unreactive with all the components of the system in-

cluding m;tric acid and be adequately stable toward nuclear radiations.

(d) The diluent should have a low viscosity and a specific gravity
materially different from that of water.

(e) It should be non-corrosive, not highly toxic, ind not highly

flammable.

(f) It should be readily available and inexpensive.

A number of organic liquids have been considered as TBP diluents.

These include petroleum fractions, carbon tetrachloride, undecanes, and

specific hydrocarbons such as n-hexane. Although specific hydrocarbons

are too expensive, various kerosene-type petroleum fractions have been

found generally satisfactory. Carbon tetrachloride shows promise as a

diluent for tributyl phosphate and may actually be employed in some

separations processes developed in the future, although 
demonstration

is still required because of its potentially corrosive action (due to

chloride ion). For a comparison of the properties of possible diluents,
see Subsection B2.

1.4 Salting

A common method of reducing the solubility of a compound in a given

solution is by the "salting" effect of a common ion. Thus the addition

of a soluble nitrate to an aqueous solution of uranyl nitrate will reduce

the solubility of the uranyl nitrate in the solution. If such an aqueous

solution is in contact equilibrium with a solvent phase, the solubility
of the uranium in the aqueous phase is decreased relative to the solvent

phase, and distribution into the solvent phase is thereby increased. For

a more detailed discussion of salting, see the Redox Technical Manual.(
4 7)
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The salting effect requfred-in the Thp process is provided by sodiumnitrate supplemented by added nitric acid. The effects of these saltingagents in -the TBP-process system are discussed below.

1.41 Sodium nitrate

The aqueous feed to the solvent-extraction system contains sodiumnitrate (3 to 4 M) formed by caustic neutralization of the uranium wasteprior to storage, and by acidification of the excess caustic in the wasteon removal from storage f or uranium recovery. This sodium nitrate pro-vides approximately one half of the salting strength needed in the A
Columnsystem- of the solvent-extraction process for uranium recovery.
1.42 Nitric acid

Supplementary aqueous salting strength in the TBP process is obtain-ed by increasing the concentration of free nitric acid in the system,since the initial inadequate sodium nitrate salting strength is fixed byythe chemical composition of the slurry removed from underground storageand by the amount of dilution or concentration during feed preparation.It is not feasible to supplement the sodium nitrate salting adequately byC"I the addition of metal nitrates from external sources because of feed sol-ubility limitations (although partial substitution of a metal nitrate --e.g., aluminum nitrate -- for nitric acid would be feasible). Nitricacid is therefore necessary as a salting supplement in order to make pos-sible a desirably low organic-to-aqueous flow ratio (v/L). Furthermore,in spite of higher cost and slightly lower decontamination,(13)00) nitricacid Is preferred to sodium nitrate as the salting agent in the RAS (scrub)stream because of Possible sodium contamination of the uranium productwhen the salt is used.

The salting effect of nitric acid differs somewhat from that ofsodium nitrate. The nitrate shove a simple salting effect on uranium,whereas the acid exhibits the added property. of influencing the aqueouscomplenng of uraniuti by sulfate and phosphate (see under 1.3, below).However, at concentaons which provide sufficient excess acid to counter-act the sulfate and phosphate complexing (nominal process conditions),nitric acid and sodium nitrate are a proximately equivalent in their salt-ing effect on a mole-ror- le basis.38) In Subsection Cl the processequilibrium data for uranium are correlated on the basis of total nitrateconcentration.

The optimum concentration of free nitric acid in the aqueous phase(1 to 5 M4) is a compromise between opposing factors. Acid concentrationsabove 5 to 7 M are not feasibl because of the tendency to precipitatesalt, hartic arly sodium nitrate. Moreover, if the acid is not recover-ed, high acid salting requires more neutralization of the waste, therebyyielding a larger waste volume. On the other hand, an increase in aqueousacid concentration compensates for the adverse effect of the sulfate andphosphate present in the feed. The excess acid concentration, however,cannot drop below about 1.5 M because of the tendency for uranyl phosphateto precipitate. Low acid salting has the advantages of decreased acidconsumption and decreased caustic consumption (in waste neutralization),
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as the acid concentration is decreased. The intermediate value of 2 to

3 M nitric acid in the AF (feed) stream is a suitable compromise. For

the specific effects of nitric acid concentration on the distribution of

uranium, plutonium, and fission products, see Section C.

1.5 Basis of the TBP process

1.51 Oxidation state

The fundamental basis for the separation of uranium from plutonium
and fission products in the TBP process is the fact that the coordination
of the uranium, plutonium, and fission products with tributyl phosphate
generally increases as the cationic oxidation state is raised. Two ex-

ceptions to this general condition are the fact that plutonium (V) is

organic insoluble and that under certain conditions the Pu (IV) valence

state is more soluble in TBP than Pu (VI).(72) However, by adjustment of

the oxidation-reduction potential of the aqueous phase during solvent ex-

traction, the uranium may be maintained in the extractable (VI) valence

state while the plutonium and fission products are held in their lower,
largely inextractable valence states. Actually, with the exception of

ruthenium, the fission-product elements show little tendency to exist in

a valence state above (III) under the process conditions. Any oxidized
plutonium present is reduced to the (III) state by ferrous ion added to

the extraction system via the HAS scrub stream. The plutonium is main-
tained in the inextrcctable (III) state and the ferrous ion is stabilized
in the system by sulfamate ion, which destroys any nitrous acid present.

1.52 Tributyl phosphate complexing

An additional basis for the TBP process is the fact that the solvent

action of tributyl phosphate for uranium is due to the formation of a def-

inite coordination complex. As noted before, the extraction of uranyl
nitrate by TBP from an aqueous solution ay be expressed by the following
sumary reversible equation:

UO2" (Aq.) + 2N03-(Aq.) + 2TBP(Org.) -- U02(NO3 )2-2TBP(Org.) - -)

Then for the reversible reaction the equilibrium "constant", K, may be ex-

pressed by the following relationship in which concentrations are given
in molarities:

Uo2(NO3)2 *2TBP(Org.) - - - - _(4)

Ut02 (Aq.) NO3 (Aq.)j
2  TBF(Org.) 2

where TBP(Org.) represents the concentration of uncomplexed tributyl phos-

phate in the organic phase. Since two moles of TBP combine with each mole

of uranyl nitrate extracted, the value of the term, TBP(Org.), may be cal-

culated from the following equation:

TBP(Org.) = TBP - 2tN(Org.), - - - - - - - - - - --- (5)

where TBP represents the initial total concentration of TBP in the organic
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phase and UN(Org.) represents the uranyl nitrate concentration in the
organic phase. Fron the definition of the organic/queous distribution
ratio for uranyl nitrate, assuming that all the uranyl nitrate in the
aqueous phase is completely ionized, the following relationship may be
written:

U0 2 (NO3) 2 *2TBP(Org.)

UO2 (Aq.)

where EO. distribution ratio, (g./l. organic phase.)/(g./l. aqueous phase).
Then substituting in the above eq tion for the equilibrium "constant", K,
the following expression results 24)

K (7)
NO3(Aq.) TBP - 2UN(Org.)f2

By transposition, equation (7) may be expressed as:

E0 . !-No N0, 2 -TBP 2UN(Org.) 2 . . - - - - (8)
or

Zg [ NO (AQ.)2 TBP - 2tN(Org.) 2

This relationship is the basis for the correlation of the uranium transferequilibrium date(38) presented in Figures IV-24 through IV-27 (see underC1.28, below). Since uranyl nitrate does not form a perfect solution inwater under process conditions, K is not constant for the equilibrium ex-pressed but varies with the concentrations of the various solution compo-nents. The factor KT of Equation (9) is plotted as a function of sulfateion, phosphate ion, tributyl phosphate, sodium nitrate, and nitric acidconcentration, in Figure IV-24. The uranium phase equilibrium data arethen plotted as a function of Ki in Figures IV-25, 26, and 27, for use in
predicting and evaluating the effectiveness of the RA Column solvent-ex-traction performance.

Control of the decontamination achieved in the BA Column is accom-plished by control of the degree of saturation of the TBP with uranium aswell as by control of valence states. While -it appears that nitric acid,plutonium, and fission products also extract into TBP by a mechanismsimilar to that for uranyl nitrate, the latter apparently forms much thestronger coordination bond with the tributyl phosphate. The uranyl nitrateis therefore capable of displacing the other process components from TBPwhen the solvent is at least about 50 per cent saturated with uranium.Thus the extraction operation must be controlled in such a way that theorganic uranium concentration is maintained at a sufficiently high level(above about 0 per cent of saturation) at the feed point of the BAColumn.( 4 92) This condition requires close correlation between aqueousfeed uranium concentration (RAF stream), solvent TBP concentration (fAXstream), and the aqueous-to-organic phase flow ratio (t/V).
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1.53 Sulfate and phosphate in the TBP process

Sulfate and phosphate ions both tend to react with uranyl ion to form
complex ions which favor the aqueous phase.(10)(35) The effect of their
presence in the stored uranium waste must therefore be at least partly
counteracted if the uranium is. to be successfully recovered by solvent-
extraction. This is accomplished in the present recovery process by the
use of tributyl phosphate solvent which, as a strong, organic complexing
agent, .competes for the uranium with the sulfate and phosphate complexing
in the aqueous phase. Also, the use of nitric acid as a salting agent in
the TBP process probably has the effect of destroying the sulfate and
phosphate complexes in the aqueous phase according to the following
equations:

Uo2(s4)2 + kH+ U-2- + 2E2S04 , - - - - - - - - (10)

UO2( 2 + 4+.= UO2+ + 2H3 PO - - - - - - - (11)

assuming the uranium complex to be a simple association of two to four
sulfate or phosphate anions with the uranyl ion. The uranyl ion is then
removed from the reaction as uranyl nitrate by extraction into the organic
phase. Under the PA Column conditions, the sulfate and phosphate reduce
the uranium organic/aqueous distribution ratio about 5-fold, but satis-
factory recovery is still accomplished. For the specific data on the
effect of sulfate and phosphate on uranium distribution, see Subsection
Cl. PhoEphate concentrations up to 0.6 M and sulfate concentrations up
to 2 M can probably be tolerated iA the process by adjustment of operet-
ing vriables.( 23)

2. BA Column

2.1 General

The BA Column is the extraction and decontamination contactor in
which uranium is transferred to a TBP-diluent phase,while leaving the
plutonium and fission products largely in the aqueous raffinate stream.
The contactor is set up as a compound column with the aqueous feed sol-
ution (BAF) entering at an intermediate point while the aqueous scrub
(B) and the organic extractant (RAX) streams enter the column at the
top and bottom, respectively. Extraction of the uranium is effected in
the lower portion (extraction section) of the column, while the traces
of fission products and plutonium extracted along with the uranium are
scrubbed back into the aqueous phase in the portion of the column above
the feed point (scrub section).

During the conversion of the bismuth phosphate process uranium
waste to the TBP solvent-extraction process feed, the solution may or
My not be concentrated to yield a higher uranium concentration (see
Chapter III). Since the BA Column operation is sensitive to BAF uranium
concentration, two flowsheets, TBP-HW No. 4 (concentrated) and TBP-HW
No. 5 (dilute), have been prepared. These two flowsheets are compared
in the following table of BA Column stream compositions. The essential



difference in the operation of the two flowsheets is the higher flo ratefor the more dilute AF, which is required to maintain the uranium pro-
cessing rate and the organic uranium concentration.

R& Column Stream Flows and Compositions

Flowsheet

TBP-W No. 4(43) TBP-W No. (45)
RAS Stream:

Relative flow rate 500
Density, g./cu.cm. 1.078 1.078
HU, M 2.0 2.0
Fe 4 TNE 4 2SO4 ,zM 0.05 0.05

. %NSO3H, 0.10 0.10

RAF Stream:
Relative flow rate 100 146.8
Denfty, g./cu.cm. 1.383 1.240

uo M0.27 o.184
n ]I+ > . 4.07 2.78I M 2.96 2.01

P04 -0.26 0.177S04u 4 0.26 0.177NOa 6.25 4.26
0.023 0.016ea, M 6.1 x io-7 4.1 x io-7

PAZ Stream:
Relative flow rate 250 250Density, g./cu.cm.(a) 0.803 0.803TBP, n0.458 0 .458TBP, Volume % 12.5 12.5

The exact density of the RAI depends on the diluent used. Thegiven value is for Deobase as diluent.

With the above feed stream flow rates and compositions, the EAU productstream from both flowsheets has the same uranium concentration (0.106 M).This uranium concentration represents about 46 per cent saturation of Ttributyl phosphate. At the RAF feed point the degree of saturation isabout 51 per cent (the excess over the uranium concentration in the RAUbeing contributed by internal reflux of uranium from the RA Column scrubsection),

2. Uranium extraction

The TBP process solvent-extraction flowsheet specifies a maximum lossin the PAW of 0.5 per cent of the feed uranium to the RA Column. Thisloss is affected and controlled by a number of chemical and operating vari-ables which ore discussed in the following paragraphs. For a suzminry ofthe data concerning the effects -of the variables on uranium transfer
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equilibrium, see. Subsection Cl.
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- 2.21 Effect of uranium concentration

Increasing the aqueous uranium concentration under BA Column extrac-

tion section conditions lowers the organic/aqueous uranium distribution

ratio, - -(9) (56)(2) For example, in Figure IV-20A it may be seen that

the uranium distribution ratio varies from approximately 1 at the 0.17 M

uranium concentration at the top of the extraction section, to about 10

at the 0.0001 M uranium concentration at the dilute end, under TBP-W

No. 4 Flowsheet conditions. If it is considered that the extraction

mechanism requires the intermediate formation of molecular uranyl nitrate

in the aqueous phase (see 1.31, above), then it may be seen that a large

increase in the concentration of highly ionized uronyl nitrate is neces-

sary to produce a small increase in the concentration of molecular uranyl

nitrate in the aqueous phase. The result, therefore, is that a propor-

tionately large increase in aqueous uranyl nitrate concentration causes

the transfer of only a small amount of uranyl nitrate to the organic
phase, and the distribution ratio, E, is lowered.

The above effect is probably accentuated by the influence of the

degree of saturation of the tributyl phosphate with respect of uranyl

nitrate.- The saturation solubility of uranyl nitrate in 12.5 per cent

TBP is about 0.22 M, much less than in water or hexone, and the organic/
aqueous distribution ratio, 9O, decreases as organic saturation is

approached (see Figure IV-20B3 . (In the Redox process the saturation

effect is not apparent owing to the high solubility of uranyl nitrate

in hexone.)

Increasing the uranium concentration in the RAF stream tends to in-

crease the stage requirements to achieve a specified uranium waste loss.

However, the. tendency for increased loss may be counteracted by slightly

increasing the BAX extractant flow rate, or by decreasing the BAF feed

rate or the RAS scrub rate. Decreasing the aqueous-to-organic flow ratio

(L/V) in the extraction section reduces the number of stages required to

accamplish the desired separation. A lowered RAS flow rote reduces the

amount of uranium carried into the extraction section by reflux from the

scrub section, and also increases the effective salting strength in the

extraction section.

2.22 Effect of nitrate concentration

For a given uranium concentration, raising the total aqueous nitrate

concentration increases the distribution of the uranium into the organic

phase(9)04)05), i.e., produces a larger EO (see Figure IV-21). For ex-

ample, a 1.0 M increase in nitrate concentration over TBP-W No. 4 Flow-

sheet conditions raises the organic/aqueous uranium distribution ratio,

3a, by about 10 to 20%. This is true whether the nitrate increase is

affected within the range of flowsheet conditions by the addition of

sodium nitrate, nitric acid, or both. However, the uranium distribution

ratio reaches a maximum at about 5 M nitric acid, and decreases at higher

acid concentration . obably due to the reduction of the nativity coeffi-

cient of the acid.(72) The influence of nitrate salting on the uranium

distribution ratio decreases as the uranium
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concentration. increases and approaches saturation in the organic phase.(72) The extraction of uranium is therefore less sensitive to nitrate
salting strength (NaNo3 or HN03) at the feed plate than it is at the
bottom or waste end of the RA Column (see Figure IV-21B).

Due to the nature of the starting material, the uranium concentra-
tion in the feed (BAF) to the solvent-extraction system is necessarily
low. Then to achieve the per cent TBP saturation required at the feedplate for satisfactory decontamination, the ratio of the aqueous to theorganic phase (L/V) must be held to a maximum, or an appreciable amountof uranium must be refluxed in the RA Cumn scrub section. The lattereffect is achieved by using insufficient salting strength in the RAColumn scrub stream (RAS) to maintain the uranium in the organic phase.However, a reduction in the scrub stream nitric acid concentration neces-sitates increasing the acid concentration in the RAF (feed) stream inorder to maintain the aqueous salting strength in the RA Column extractionsection. Furthermore, increasing the uranium reflux in the scrub sectionmay increase the uranium loss in the RAW (waste) stream in spite of main-tenance of the extraction section salting strength, if sufficient addition--al extraction stages are not available in the column. It is apparent that4rr increasing the relative organic flow rate- (decreasing the L/v ratio) to

C-J compensate for increased losses would reduce the per cent saturation ofthe TBP. Such a, change would thereby nullify the original purpose of re-ducing the scrub stream salting strength(increasing the scrub reflux) inorder to raise the organic uranium concentration at the feed plate.

Uranium losses in the RAW duo to low nitrate salting strength in theR& Column extraction section may be counteracted by lowering the aqueous-to-organic ratio (L/V). Lowering the ratio by increasing the PAX relativeflow rate has the effect of decreasing the number of transfer stages re-quired to accomplish the desired extraction. Decreasing the RAS scrubstream flow rate reduces the rate of uranium reflux in the scrub section.It also has the effect of increasing the salting strength in the extrac-tion section since the nitrate concentration in the RAS stream is lowerthan the total nitrate concentration in the RAF stream with which. the RASstream is mixed at the feed point.

2.23 Effect of tributyl phosphate concantration

As may be noted by reference to curves 1 and 2 of Figure IV-21B, theurani distribution ratio increases slightly with higher TBP concentra-tion. )(35) Thus an increase in TBP concentration from 12.5 to 15 volumeper cent increases the organic/aqueous uranium distribution ratio, E8, byapproximately 30 to 50%.

If the TBP concentration decreases in the RAX stream while the volumeflow rate remains constant, the effect on the extraction process is thesame as a decrease in the RAX flow rate. In other words, the effect isthe same as that of increasing the aqueous-to-organic flow ratio, L/Vand more transfer stages are then required to accomplish the some extrac-tion. A drop in TBP concentration in the PAX stream would then tend toincrease the uranium waste loss in the RAW waste stream. Raising the RAXflow rate compensates for a lowering of the TBP concentration.
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2.24 Effect of tributyl phosphate decomposition products

At the concentrations to be expected in the process, the presence of
monobutyl and dibutyl phosphates in the solvent has little effect on ura-
nium distribution under RA Column conditions (see under C1.26). High
concentrations of DBP, however, may produce a reduction of uranium waste
losses. Likewise high concentrations of NBP could result in some precip.
itation of uranium. Some TBP decomposition products have caused emulsi.
fication in the RA system, as discussed in Section.F of Chapter V.

2.25 Effect of the diluent

Uranium distribution ratios are not appreciably 4f4qgdby variations
in the composition of the hydrocarbon diluent for TBP. 35t)19)(72) Waste
losses are affected only in so far as stage (or transfer unit) heights may
vary somewhat with the physical properties imparted by the diluent to the
solvent phase, as discussed in Chapter V.

2.26 Effect of phosphate and sulfate ions

An increase in the phosphate or sulfate concentration in the aqueous
phase reduces the organic/aqueous uranium distribution ratio (Ea) and thus
results in increased uranium los from the RA Column. As indicated by the
data presented under C1.25, below, and in Figures IV-21A and 17-22A and B,
this effect is more pronounced for phosphate than for sulfate. Thus, for
example, in the RA Column extraction section a 0.3 N increase in sulfate
concentration or 0.1 M increase in phosphate concentration over the TBP.
HW No.4 Flowsheet values decreases EO. by about 50% and increases RA Column
uranium losses about 1.8-fold (on the basis of I transfer units in the RA
Column extraction section). These anions appaiently lower the available
aqueous concentration of the uranium by formation of uranyl phosphate or
uranyl sulfate complexes which are inextractable by tributyl phosphate.
The reactions may be expressed by the following equations:

U02 + ZP "4' U02(HP0)2 - --. - - - - (10)
++ . .aU02 + 280 4  U02(01)2(

although the exact number of anions associated with the uranyl ion is not
positively known.

Increases of sulfate and/or phosphate concentration in the RAF stream
then would increase RAW uranium losses if not compensated for by sufficient
excess nitric acid (2 to 3 M acid for about 0.2 M sulfate and phosphate)
or by increasing the RAX flow rate (decreasing the L/V ratio). Lowering
the L/ ratio decreases the number of extraction stages required to per-
form the desired separation.

2.27 Effect of temperature

As shown in Figure IV-23, organic/aqueous uranium distribution
ratios, Ea. decrease slightly as the temperature of the equilibrated
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extraction system is raised (about two-fold or less as the temperature
is raised from 2000. to 50C.).(53)C2) However, it should be noted here
that the rate of attainment of phase equilibrium is probably controlled
by the rate of diffusion in the liquid phases rather than by the rate of
the extraction reaction indicated in equation (3) under Al.31.(76 )
Actually, the advantage in uranium distribution ratio to be gained by
extraction at lower temperatures is nullified by the adverse effect of
higher viscosity and lower diffusion rates Producing higher H.E.T.S.
values. (64) A higher operating temperature alters the equilibrium line
to require more stages for a given separation but produces lower stage
heights thereby making more transfer 6tagos available in a given column
extraction system; the over-all effect favors the higher temperature, at
least up to the 6500. studied.

2.28 Effect of aqueous-to-organic flow ratio

In the tributyl phosphate process, particularly close correlation
is required between the relative phase flow rates, the feed uranium con-
centration, the tributyl phosphate concentration, and the nitric acid
salting strength. If a rise in uranium waste losses appears in the RAW
stream, the higher waste uranium concentration may be due to a higher
aqueous-to-organic phase flow ratio (L/V), a higher aqueous uranium con-centration. at the feed point, a lower TBP concentration in the RAX, or alover nitrate concentration in the aqueous phase of the BA Column extrac-tion section. Compensation for these effects can be accomplished byaltering the L/V ratio or the salting strength.

Iosses from high RAF uranium concentrations may be reduced by lower-
ing the L/V ratio in the extraction section either through lowering the
AF flow rate or raising the DA flow rate. Such a change decreases thenumber of stages required to effect the desired extraction. Similarly,
if losses appear to be due to a reduction of TBP concentration, then theymay be alleviated by increasing the RAX flow rate. Losses due to de-creased nitrate salting strength in the extraction section may be counter-acted by lowering the L/V ratio either by raising the RAX flow rate orlowering the RAS flow rate.

2.29 Effect of uranium extraction on stream densities

The following table gives the aqueous and organic phase densities, asdetermined by laboratory countercurrent batch extraction, for seven BAColumn extiaction and three BA Column scrub stages.(58) The feeds for thetwo runs simulated composite uranium waste prepared by acidification ofcombined sludge and supernate. In one of the runs summarized, the feedsimulated a solution prepared by concentration after acidification ofcomposite waste. The two runs approximated TBP-HW No. 4 and No. 5 Flow-sheet conditions except that the extractant in both cases was 15 volumeper cent TBP in Deobase. Plutonium and fission products were absent.
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A Column Phase Densities,

TBP-HW No. 4 Flowsheet TBP-HW No. 5 Flowsheet
Stage Aqueous Organic Aqueous Organic

1 1.019 0.8609 1.1094 0.8605
2 1.1085 o.8646 1.1105 o.8636
3 1.1163 0.8706 1.1130 0.8657

4 (reed point) 1.2877 0.8733 1.1761 0.8653
5 1.2596 o.8604 1.1600 o.8486

6 1.2496 0.8354 1.1517 0.8266
7 1.2422 0.8222 1.1516 0.8187
8 1.2403 0.8203 1.1516 0.8170
9 1.2365 o.8190 1.1509 0.8170

10 1.2353 0.818o 1.1434 o.8161

=r It is not feasible to extimate RA Column operating efficiency bymeans of density variations of the PAW waste stream. The stream density
t-1 is not sufficiently sensitive to variations in very dilute uranium con-

centrations; furthermore, due to variable feed make-up from sludge and
supernate, the stream density will fluctuate exclusive of variations in
the PAW uranium concentration.

2.3 Decontamination from plutonium

The uranium waste slurry contains 1 to 2 per cent of the plutonium
originally associated with the irradiated uranium. A Pu decontamination
factor of up to 40 is required to yiel recovered uranium containing a
maximum of one part of plutonium in 10 parts of uranium.(22)P5)

Decontamination of the recovered uranium with respect to plutonium
requires either the preferential complexing of the plutonium in the aqueous
phase, or convorting it to the inextractable (III) valence state. The
latter method is employed in the TBP process..

Following the converison of the uranium waste slurry to a feed sol-
ution for solvent extraction, the plutonium is largely in the organic-
soluble Pu(IV) valence state which is the state most extractable by tri-
butyl phosphate (see Figure IV-32). Pu(VI) shows a somewhat lower dis-
tribution ratio, BE, while Pu(III) and Pu(V) are essentially inextract-
able. Both complexing and reduction to Pu(III) have been checked ex-
perimentally in connection with simple Pu decontamination of recovered
uranium, as well as to determine the process feasibility of recovering
the plutonium by partition of extracted Pu from uranium in an operation
comparable to the Redox IB Column separation.(9)(25)q2)15)

Sulfate and phosphate show some tendency to complex plutonium in
the aqieous phase, but, as in the case of uranium, these complexes are
destroyed in the presence of excess nitric acid thereby permitting com-
plete Pu extraction. The fluoride and fluosilicate ions have been found
to be particularly effective in complexing Pu(IV) in the aqueous phase,
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the distribution ratio being of the same order of magnitude as for.
Pu(III) .(9)(25) However, these complexing agents ore objectionable be-
cause of equipment corrosion by the fluoride ion.

Reduction of the plutonium to the inextractable Pu(III) state is
readily achieved by a reducing agent such as ferrous ion. The rate- of
reduction is sufficiently rapid (less than 10 seconds) that the reaction
may be carried out in the course of the uranium extraction in the BA
Column. The reducing agent is therefore added to the solvent-extraction
system by way of the PAS scrub stream.

Ferrous ion is unstable 'in the presence of the BA Column nitric acid
concentrations. Oxidation to the ferric state is apparently catalyzed by
nitrite ion, and the reduction system may thus be stabilized by the addi-
tion of a holding reductant which destroys the nitrite.(6)(7) The sul-
famte ion serves very effectively for this purpose. Ferrous ion and sul-
famate ion are therefore used together in the BA Column to ensure, the
existence of all the plutonium in the Pu(III) state in the BA system.
Under these conditions the Fe(II) has a half-life of 30 to 50 hours. (9)
(37)(75)(82)

In the Bedox process, where the presence of sulfate is detrimental
to second cycle plutonium extraction, ferrous sulfamate is used as the
reducing agent. In the TBP process, where a small amount of additional
sulfate is not harmful, ferrous ammonium sulfate is used as the reducing
agent with sulfamic acid added. The latter system is simpler to handle
and does not require on-site preperation as does ferrous sulfamate.

In the BA Column some reflux of the plutonium occurs in the scrub
section since the Fe(II) is added via the scrub stream and some Pu is ex-
tracted at the feed point before reduction is complete. The extent of ex-
traction of Pu(IV) and Pu(VI) is influenced by a number of column vari-
ables. The uranium shows preferential complexing with the tributyl phos-
phate. Therefore, as saturation of the solvent by uranium is approached,
the plutonium distribution ratio, Z., is reduced (see Figure IV-33) and
less Pu is carried in the extractant.(9)(75) As may be seen in Figure
IV-32, nitric acid (or total nitrate ion concentration) tends to salt
Pu(III), (IV), and (VI) into the organic phase.(72) The salting effect,however, is markedly reduced as the concentration of the uranium in the
solvent approaches saturation.(72) An increase in TBP concentration also
increases the plutonium distribution ratio, E0, although again the effect
is limited by the uranium saturation of the solvent. Monobutyl and di-
butyl phosphate impurities in the organic phase increase the plutonium
distrubution ratio, Ea, a4 n so doing reduce the Pu decontamination
factor for the BA Column.IAJ

2.4 Decontamination from fission products

The ease and extent of fission-product decontamination in the TBP
process is dependent upon the age of the uranium waste being processed.
For 1 to l1 year old bismuth phosphate process waste from uranium sub-jected to 400 megaatt-days/ton integrated exposure over a period of 360
dys, zirconium is the decontamination-limiting fission product. For waste
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greater than about 1 years old, ruthenium is the limiting radioactive
element.(31)( 6 2)(72) Wastes younger then about 2 years cannot be ade-
quately decontaminated in the TBP Plant because radioactive ruthenium,
zirconium, and cerium carry through with the recovered uranium in con-
centrations which exceed specifications for recovered uranium.

Cerium and niobium are extracted to a certain extent but are large-
ly removed on scrubbing the organic extract. In general, the decontam-
ination. achieved in the PA Column is better the lover the fission-product
organic/aqueous distribution ratio, and the higher the aqueous/organic
phase ratio (L/V) or the higher the uranium saturation of the solvent
phase.

Experimental data indicate an anomaly in the effect of nitric acid
on decontamination in the R Column. As in the l edox process, decontam-
ination in the extraction section is better the lower the free acid con-

- centration.( 4 2) On the other hand, fission-product decontamination in
the scrub section is better the higher the aqueous acidity.42) Nitric
acid does have a salting effect on gross beta and gross gamme radioactiv-
ity (see Figures IV-35 and 36); the salting action is particularly strong
for zirconium while shoving only slight effect on ruthenium and cerium.
However, the salting action of increased BN03 in the scrub section is
apparently outweighed by some other effects, possibly chemical. For
specific distribution ratio data see Subsection C3.

Many characteristics of fission-product (F.P.) decontamination are
similar to those for plutonium. Higher uranium saturation of the organic
phase improves F. . decontamination particularly with respect to ruthenium
and zirconium.9) f42)(72) Lowering the RAX tributyl phosphate concentra-
tion improves decontamination by decreasing the F.P. distribution ratio,
3:. Low TBP concentrations (below 10 per cent), however, are unfavorable
to uranium extraction and seriously limit the column capacity. Complex-
ing agents such as sulfate, phosphate and fluosilicate tend to hold fis-
sion products in the aqueous phase.(93 The latter is true particularly
for zirconium while ruthenium is only slightly affected by such agents.

Decontamination performance may be impaired by reaction of the TBP
diluent with nitric acid to produce hydrocarbon nitration products.
Since the aromatic and olefinic hydrocarbons react most readily with
nitric acid, those hydrocarbons are limited to a maximum of 2 per cent
by volume as determined by a test involving absorption of these compon-
ents from the diluent into an H2SO4-P 2 05 mixture (ASTM D-875-46T). No
success was obtained in attempts to correlate the Kouri-Butanol Number
which has some relation to the aromatic content) with the effect of
diluent on decontamination performance. When the olefinic and aromatic
hydrocarbons are below the 2 per cent specification limit, the TBP Plant
solvent treatment should remove any nitration products formed.

Dibutyl phosphate (as an impurity in the organic stream) lowers the
decontamination factor for the BA Column by extracting zirconium portic-
ularly.(57) See Subsection C3 for specific data.
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3. RC Column DECLASSIFIED
3.1 General

After extraction and decontamination in the RA Column, the uraniumis recovered as an. aqueous solution by stripping the RAU stream in theRC Column. The contactor is operated as a simple countercurrent columnwith the organic and aqueous phases entering and leaving the column atopposite ends. The table below summarizes the column stream coaositions,which are identical for the TBP-W No. 4 and No. 5 Flowsheets.( 4 45)

RC Column Stream Flows and Compositions

PAU or RCF Stream (Organic):
Relative flow rateta)
Density, g./cu.cn.(b)
Uranyl nitrate, It
Nitric acid, ?4
Chloride ion, M

RCa Stream (Aqueous):
Relative flow rate(a)
Density, g./cu.cm.
Nitric acid, NA

255
0.840
0.106
0.10
0.0001

200
1.0
0.01

RCU Stream (Aqueous):
Relative flow rate(e)
Density, g./cu.cm.
Uranyl nitrate, p4
Nitric acid, H
Chloride ion, PA
TBP, g./i.

RCW Stream (Organic):
Relative flow rate(a)
Density, g./cu.cn.(b)
Uronyl nitrate, M
Nitric ccid, MA

205
1.041
0.132
0.134
0.0001

ca. 0.2

250
0.803
0.00054

cc. 0.001

(O)Based on RAF = 100 for TBP-EW No. 4 Flowsheet;
RAF = 146.8 for TBP-BW No. 5 Flowsheet.

(b)The organic stream densities depend upon the
diluent used. The values given are for the
use of Deobase as the TBP diluent.

3.2 Uranium stripping

Uranium stripping is accomplished in the RC Column by means of a0.01 M nitric acid stream. The trace of acid is added to the aqueousstream in order to inhibit emulsification at the dilute end of the column,
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since the nitric acid. is essentially completely stripped from the organic
stream in the lower portion of the column. Just as the tributyl phosphate
shows more affinity for uranyl nitrate than for nitric acid in the PA Col-
In, in the RC Column the uranium is more difficult to strip than the
nitric acid. Furthermore, the acid stripped into the aqueous phase makes
uranium stripping more difficult. Operation of the BC Column is therefore
handicapped if high concentrations of nitric acid are carried over from
the RA Column. Thus a 0.1 M increase in the nitric acid content of the
RAU stream increases the uranium concentration in the BC Column waste
stream (nCW) by approximately 20 per cent (on the basis of 7 transfer
units in' the BC Column).

The amount of nitric acid carried in the organic MAU-ECF stream is
directly proportional to the concentration of the tributyl phosphate as
well as being influenced by the extent of uranium saturation of the TBP.
The upper limit of the TBP concentration which may be used in the RA-RC
system is thus partly controlled by the BC Column operation, which must
accomplish complete stripping of the uranium within a reasonable length

O=7 of column. Uranium stripping in the column is favored by the fact that
01 at low acid concentrations the uranium distribution ratio, E, becomes

much smaller at the dilute end of the column.

The presence of dibutyl phosphate in the organic stream greatly in-
creases the uranium distribution ratio, E:, under RC Column conditions,
(30)(60) and therefore has the effect of increasing uranium waste losses
in the RCW stream. Monobutyl phosphate forms a uranium complex which is
insorible in both phases, and promotes the formation of stable organic-
aqueous emulsions at the dilute (uranium) end of the RC Column.

Nitration products of hydrocarbon diluents have been found to in-
crease greatly the uranium distribution ratio under RC Column conditions.
(60) Diluents high in aromattc or olefin content nitrate on prolonged
contact with nitric acid solutions at room temperature. Sodium carbon-
ate and caustic washes have been found effective in reducing the RC dis-
tribution ratios for solvent mixtures containing nitration products to
more favorable values, but; they are still higher than for fresh diluent.
Diluents of low aromatic and olefin content are stable to nitration ex-
cept at elevated temperatures. As the specifications for TBP process
diluent limit the aromatic and olefin content to less than 2 per cent by
volume, no difficulties resulting from diluent nitration products are
anticipated.

The stripping of uranium into water is accompanied by the absorption
of heat.(53) Raising the temperature of the transfer system favors the
stripping operation both by lowering the distribution ratio, E8, and by
decreasing the stage height by lowering viscosities and increasing dif-
fusion rates,(64) although with a temperature change from 77 0 F. to 1100F.
the effect in a 3-in.-diameter pilot-plant column was not significant.(5 6 )

Increasing the aqueous-to-organic flow ratio (L/V) reduces the number
of transfer stages required to accomplish the stripping operation, but
also produces a more dilute uranium product stream. The phase flow rates
are about the same for both phases in the BC Column. Specific data on
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the effects of variables on uranium stripping are presented undet Cl3.

3.3 Decontamination

The purpose of the RC Column is to strip the uranium beck into anaqueous phase, and little additional decontamination is accomplished inthe operation. Plutonium and fission products extracted in the PA Columnare largely stripped in the RC Column. However, any loss of decontam-ination due to the presence of dibutyl phosphate in the BA system, tendsto be alleviated in the RC system by the fact that the butyl acid phos-phate complexes the fission products in the organic phase. In such acase they are at least partially removed in the RCW stream. The same istrue for traces of plutonium.

B. PROPTIES OF PROCESS MATEBI4a

1. Tributyl Phosphate

1.1 Introduction

Tri-n-butyl phosphate (TBP) is a viscous, colorless liquid which isproduced by the reaction of n-butyl alcohol with either phosphorus oxy-chloride or phosphorus pentoxide with subsequent caustic treatment anddistillation. It' is used as' the extractant'in the uranium recovery sol-vent-extraction process because of the specificity of the strong complexit forms with ranium. In order to produce an organic phase with theoptimum physical and chemical properties, TBP is diluted with a chemicallyinert petroleum hydrocarbon fraction boiling in the kerosene range. (SeeSection A of this chapter for more complete information.)

1.2 Specificatjons

The specifications for TBP are given in the following table:

Tributyl Phosphate Specifications(90)

Butanol content Seducing normality less than 0.05

Acidity Less than 0.01 N

Color Colorless

Water No turbidity when I volume is mixed
with 19 volumes of 600 Be. gasoline
at 200C.

Suspended solids 0

Specific gravity 0.973 to 0.983 (20/200C.)
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1.3 Physical properties DECLASSIF D

1.31 General

The physical properties of TBP are presented in Table IV-1. Those
properties are listed which, are considered to be of fundamental interest
in the TBP process.

1.32 Solubility in process solutions.

The saturation concentration of TEP in water from a 15 volume per
cent TBP-hydrocarbon mixture is 0.23 g./l. at 250J.61) The solubility
increases as the concentration of TBP in the diluent increases, reaching
a value of 0.39 g./1. for 100 per cent TBP. The solubility of TEP in
aqueous solutions decreases rapidly with increasing electrolyte concen-
tration in the aqueous phase, as my be seen from the following table:

Solubility of TBP in Process Solutions at 2500.

Organic Phase TBP Conc., Solubility of TBP in Aqueous Phase, G./L.

'Volume Per Cent %O RCU* PAW** 7 3 KSO 3  22(

33-3 0.28 0.19 0.0097 0.21 -

16.6 0.24 0.17 0.0097 0.17 0.01

*0.2 M Uo 2(NO3) 2, 0.06 M HNO3.

**2.6 HNO3 , 1.9 M NaNO3 , 0.2 M NA2O 4 , 0.2 3 Na 3 PO4 , 0.03 M NE 4N03 '

0.02 M FeCl3, 0.03 M NH2SO3H*

The solubility of pure TBP in nitric acid solutions decreases to a mini-
mum of about 0.1 g./l. as the acid concentration is increased to 10 M HN03'
At this concentration the TBP solubility begins to increase rapidly,
reaching a value of about 1.3 g./1. in 15 M HNfO3'

1.33 Radiation stability

The exposure of TBP and of TBF-diluent mixtures to a 1.3-M.e.v.
electron beam at an intensity level of about 1.3 microamperes per ml.
of TBP for 1 second (approximately equivalent to 0.75 curies of irradia-
tion per ml. for 5 minutes) did not seriously affect the TBP, as evi-
dancpd by the fact that the distribution ratios of uranium, plutonium,
and beta-emittin fission products were essentially the same as into non-

exposed solvent. 78) When the total irradiation was increased to 300
microampere-sec. per ml. of solution (approximately equivalent to 170
curies of irradiation per ml. for 5 minutes), the plutonium and beta-
emitting fission product holdup in the solvent was increased by a factor
of 2 to 20.(79)
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The radiation stability of TBF should be no problem in the TBP Plantas the gross beta and gam= radioactivity of the RA Column feed is oplYabout 6 curies per gallon, or roughly 5 x 10-4 curie per ml. of RAX andthe time required for the solvent to pass through the RA Column is lessthan 5 minutes.

Over-ell beta and gamma decontaminntion factors of 104 to 105 obtain-ed with Hanford slugs in O.R.N.L. semi-works runs, together with over-alluranium losses of only 0.01 to 0.02 per cent, further confirm the radia-tion stability of TBP.

1.4 Chemical properties

1.41 General

The chemical properties of TBP are those typical of esters derivedfrom inorganic acids. Hydrolysis, the reaction of principal interest inthe TBP process, is discussed in the following section. Tributyl phos-phate has no active hydrogen atom and no pronounced surface active prop-erties. The butyl acid phosphates, however, are agents capable of form-ing strong complexes (notably with uranium) which, in turn, may exhibitunfavorabl distribution coefficients and emulsifying characteristics.

1.42 Hydrolysis

The hydrolysis products of TEP adversely affect fission-product decon-tamination and uranium losses in the Y3P process, as indicated in SectionC of this chapter. The hydrolysis proceeds through the dibutyl (DBP) andmonobutyx phosphates (iMP) to orthophosphoric acid, the first step beingrate determin ng.(60) Representative hydrolysis rates for a two-phase
system are given in the table below for TBP in the presence of 3 M sEm3with an aqueous-to-orgenic volume ratio of 1. The hydrolysis is first-
order with respect to HN03, and zero or first-order with respect to TBP.

Bdte of Hydrolysis of TBP in Contact With 3 M Nitric Acid(61)

Temperature, Fraction of TBP Half-Life Induction0. Decomposed per Day, k (Composite)(8) Period
25 

0 .00001 (b) 50 to 100 yr. - - -
76 0.0005 3 yr.(c) 8 days

105 0.0023 7 mo. 2 days
(a) Calculated on the basis of zero-order kinetics.

(b) Calculated value.

(c) The half-lives of dibutyl and monobutyl phosphates undersimilar conditions are 8 and 18 days, respectively.
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The hydrolysis of pure TBP in 3 H ENo 3 (equal volumes) may be estimated
at any temperature by the equation:

logj0k = - 3210 + 5.86 - - - - - - - - (1)
T

where k a the fraction of TBP decomposed per day, and T a temperature in

degrees Kelvin;

A comprehensive plot of the rates of hydrolysis for the series from

tributyl phosphate to orthophosphoric acid is given in Figure IV-1. From

an extrapolation of the data, it is apparent that the hydrolysis of TBP

at 250C. 6ver a 30-day interval is immeasurably small.

The rate of hydrolysis in the aqueous phase as compared to the or-

ganic phase, is greater by a factor of about 230. However. this is off-

set by the low solubility of TBP in aqueous solutions (see under B1.32)
0 r so that ihen the two phases are comparable in volume the "effective"

hydrolysis takes place in the organic phase. The rate constants for

hydrolysis in either phase are sum rized in the following table:(60)

Hydrolysis Constants of TBP

Temperature,OC. k*(Aq.) k* (Org.)

25 0.004 0.00002

76 o.6 0.0002

105 0.28 0.0012

*)Fraction decomposed per day per M nitric acid.

The application of the rate of hydrolysis of tributyl phosphate to

a system in which a diluent is employed is uncertain, However, it may
be assumed that a rate calculated from the data in the preceding tables

will give the upper limit.

2. Diluent

2.1 Introduction

The inert diluent for TBP in the TBP process is a highly purified
saturated-hydrocarbon mixture, boiling in the kerosene range (1900 to

27000.). Solvents meeting specifications for the diluent are commercial-

ly available under trade names such as Deobase, Base Oil C, and Shell

Deodorized Spray Base.

2.2 Specifications

The specifications for the diluent are given in the following table:(
89)
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Diluent Specifications for the Uranium Recovery Process

Viscosity 2.0 centipoises or less at 2500.

Flash point 14o0 r. or higher (Tag or Pensky-Martens closed cup).

Combined olefin,
and aromatic sontent 2 per cent by volume or less (ASTM D-875-46T).
Specific gravity 0.8 or less at 25/40c.

2.3 Physical properties

The physical properties of some commercially available kerosenefractions are given in Table IV-2.(5 4 ) Some of these diluents do notmeet the specifications in regard to flesh point and/or aromatic content.
a= The follon Physical properties apply to commerical grade keroseneand are comparable to those~' of the diluent employed in the TBP process:C3)(6)

Physical Properties of Commercial Grde Kerosene

Heat of vaporization 60 cal./g.Surface tension 28 dynes/m. at 200.
Interfacial tension (oil-water interface) 48 dynes/cm. a' 2000.
Upper explosive limit in air 6.0 volume per cent
Lower explosive limit in air 1.2 volume per cent
Ignition temperature 49 orF.

The boiling range of three commercial diluents are given in Figure IV-2. The vapor temperature is plotted against the percentage of the totalvolume of each solvent distilled. The curves for Deobase and Shell De-odorized Spray Base are similar, indicating that they are composed ofhydrocarbons in approximately the same molecular weight range. The narrowboiling range exhibited by AMSCO 125-90W indicates that it is the resultof a more selective refinement than either of the other two diluents.

The vapor pressure of Deobese as a function of temperature is shownin Figure IV-3. Curves are given for three approximately equal distilla-tion fractions of commercial Deobase.

2.4 Chemical properties

Inertness toward chemical reaction with process materials was a majorconsideration in choosing the diluent. The diluent is composed mainly ofparaffin hydrocarbons, the aromatic and olefin hydrocarbons havingbeen almost entirely removed by the manufacturer's treatment. The per-centage of naphthenes may very somewhat depending on the source of thecrude oil. The iodine numbers given in Table IV-2 ere a measure of theOlefin content. At an assumed average molecular weight of 150, the per
cent of olefins is approximately 0.7 of the iodine number.
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Except for the traces of aromatic and olefin hydrocarbons, the

diluent used in the TBP process is chemically unreactive in contact with
process solutions at ambient temperatures. The diluent, AMSCO 149-92 Br,
which contains about 7 and 1 weight per cent of aromatics and olefins
respectively, undergoes nitration when contacted with a 3 M N0 3 -0.01

M X902 solution at 600(. Following a 5-hour exposure period to these
conditions, this diluent is found to contain 0.98 weight per cent nit-
rogen after one water wash as camperqd to 0.2 per cent found in TBP
when treated in an identical ma-er.(55) AMSCO 125-90W, which meets the
specifications in regard to aromatic and olefin content, will react with

3 M BN03 at 1050C.(6 ) A two-phase system composed of an equal volume of
RAX (15 volume per cent TBP in AMSCO 125-90W) and 3 H nitric acid reacts
as soon as the boiling point is reached (1050C.), and the reaction pro-
ceeds until the nitric acid concentration in the organic phase has chang-
ed. after 6 days from 2.0 M to 0.07 M, and in the aqueous phase from 1.5 M
to 0.5 M. No decomposition is noted under similar conditions at 700C.

3. Solvent-Phase Solutions

3. Tributyl phosphate-diluent systems
rn

3.11 Introduction

The organic extractant used in the TBP process is a 12.5 volume per
cent solution of tributyl phosphate in an inert hydrocarbon diluent. The
physical properties of TBP-diluent mixtures, as well as those of solu-
tions of Uo2(NO3)2 and EN03 in the TBP-diluen system, are presented below.

3.12 Physical properties

The density of TBP-diluent mixtures may be calculated from the
following equation:(54)

dMixture = 0. 9 7 2 N1%p + NDiluent dDiluent - - - - - - - (1)

where d = density at 250C., g./cu.cm.
NIip = volume fraction of TBP, and

NDiluentm volume fraction of diluent.

Values derived from this equation are compared with experimental values
in Figure IV-4, in which density is presented as a function of the con-
centration of TBP in Shell Deodorized Spray Base.

The refractive index of a TBP-Shell Deodorized Spray Base mixture
is a Tinear function of the concentration of TBP as shown in Figure IV-4.
(84) As the concentration of TBP increases from 10 to 20 volume per
cent, the refractive index decreases from 1.4426 to 1.4403.

The viscosity,7 (in mill ses), of TBP-diluent mixtures may be
calculated from the equation:80

log100 Mix. = TP (1.345 + 0.36 'TP) + INDiluentlc'10 "' Diluent (2)
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where NTBP= volume fraction of TBP, and
NDiluent volume fraction of diluent.

The change in viscosity of the extractant with temperature is illustratedin Figure IV-5, where the viscosity is seen to decrease from 2.3 to 0.5centipoises as the temperature is increased from 150 to 900. The temper-ature coefficient is shown to be approximately equal for extra tant and
P eed.

The flash point of the solvent increases as the concentration of TBPincreases (Figure IV-6), and may be estimated from the equation:(54 )

AT = -T,/2300 lO10 N, - - -- - - - - - - - - -- (3)
where To = flash point of pure diluent in degrees Kelvin, andN = mole fraction of diluent.

Figure IV-6 shows the close agreement between experimental and calculatedvalues.

3.2 TBP - diluent - U02 (N03)2 -liNO3 systems

3.21 Physical properties

The theoretical saturation concentration of uranyl nitrate in 12.5Volum per cent TB? in diluent is 0.22 M., corresponding to one mole ofuranium for each two moles of TBP.
The densities of solutions of urnny). nitrate and/or nitric acid in

TBP-diluent mtures may be calculated from the following equntion:( 69)

d25 = ds + (0.394 - 0.086 d)(M Uo2(NO3)2)+ (0.064 - 0.046 d8 )(M 0N0 3)-..()
where d25 = density of solution at 2500.,

ds = density of TBP-diluent solvent at 250C. (for method ofcalculation see under B3.12), and
M = concentration in moles per liter.

The following equation may be used to calculate the density of TBP-diluent3U02(N3)2 No3 solutions at temperatures between 300 and 70OC.(70)
ItOC. dc + (3.20 - 0.005 t - 0.008 TBP) 10- 2 M ENO 3

- (7.4 + 0.01 TBP + 0.0045 UNH) 10-4 t

+ 2.1 x lo-3 TBP

+ (6.30 - 0.005 t + 0.009 TBP) 10-4 U" - - - ----

where dC = density of the diluent at to0 ',
t = temperature in OC.,

TB? = concentration of tributyl phosphate in volume per cent,= concentration in moles per liter, and
= concentration of uranyl nitrate hexahydrate in grams per liter.
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A density-weight per cent-molarity conversion chart is given in Fig-

ure IV-7 for t0 2 (N0 3 ) 2 in a 12.5 volume per cent TBP solution in Deobase.
(34)(40) Different seta of curves are required for different diluents and

for concentrations of TBP other than 12.5 per cent.

The effects of temperature on the densities of feed and extractant
are compared in Figure IV-8. The temperature tcoefficient is approximate-
ly equal for the two phases over the temperature range from 25" to 750C.

The viscosities of solutions of uranyl nitrate in TBP-diluent mixtures

are shown in Figure IV-9 as a function of the concentration of U0 2 (NO3) 2 .
Curves are presented for 15, 23, and 46 volume per cent TBP in Deobase,
and for 15 volume per cent TBP in AMSCO 125-90W. The rate of change of
the viscosity. with uranium concentration is seen to increase with in-
creasing TBP concentration.

4. Aqueous Uranium Nitrate Solutions

4.01. Introduction

Subsequent to the acidification of the uranium waste slurry, the

properties of the TBP aqueous feed stream are those of a solution of
urax1 nitrate and nitric acid containing the additional ions Na+,
P04 , and S04 . Minor components, such as fission products, pluton-

ium, and chloride ion, have no significant effect on the properties
discussed in this section. The physical properties of this uranium
stream as presented hee are of concern primarily in the final feed
adjustment step. The effect of these properties on BA Columm perfor-
mouce are .discusaed in Section A of this chapter.

The aqueous system containing only uranyl nitrate and nitric acid

is encountered as the aqueous effluent (ECU) from the stripping column,
and its physical properties are of importance in the final ECU concen-
tration step (see Chapter VII) as well as in their effect on column per-
formance itself.

Also included below are aqueous systems containing N5N0 3 in addi-
tion to the components indicated above.

4.02 Solubilitr

U02(NOg)2 - 2 0 system

A saturated solution of uranyl nitrate at 2500. represents about 72
per cent by weight of U02 (N03)2 '6H20 or 2.6 imoles per liter.(4) The solu-

bility of uranyl.nitrate is presented as a function of temperature in .

Table IV-3 and the temperature-solubility phase diagram is included in

Figure IV-10.(12)

U02(N03 )2 - M03 - H20 system

Nitric acid markedly reduces the solubi ity or uranyl nitrate in

water as illustrated in the following table:d4
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Composition of Saturated AqueOus Solutions at 250C.

In Equilibrium with
U02(NO0 2620 as
S9olid PhasBe

In Equilibrium with
u10(No 2-34208
Solid__ B e

In Equilibrium with
U0 (NOq22H20 as

Vt. %
U02(NO3)2

56.08
40.36
30.29
29.65
31.27
36.72
37.99

wt. %
31N03

0
12v35
25.14
28.67
29.84
30.43
30.15

wt. %.
V02(N93 2

36.28
27.18
25.79
26.77
27.49

The temperatre-solubility phase
E20 systems are given in Figure IV-10
acid concentrations;(12)(17)

wt. %

32.21
46.12
50443
53 420
53.1

diagrams
for 0;0,

wt. %
U02(NO3)2

27.24
23.65
22.29
22.49

Wt. %

55.24
6c.,1
66.71
68.83

for the U02(NO3 )2 - HU03 -
0.3, 1.0, and 3.0 M nitric

Multi-component systems

The solubility relationships at 2500; for aqueous solutions contain-ing phosphates and sulfates as Well &s U02(N03)2, fN03 , and NeRO are
given in Pigure IV-14. Uranyl acid phosphate is seen to be the limitingcomponent for low acid solutions, whereas NaNO3 limits the solubility atthe higher nitric acid concentrations.

The normal salt (U02.)3(PO4 ) 2 ex'dbits retrogfade 'sclubility, i.e.,the solubility decreases with an increase in temperature. However, lab-oratory experiments designed to simulate plant conditions for the evapora-tion of acidified uranium waste solutions have shown no conditions underwhich the so. Tility is li-ited by this salt.(51)

403 Density

U0 2 .(NO3) 2 - H20 system

The densities of aqueous solutions of uranyl nitrate from 0 to 90weight per cent U02(NO33)2 are presented in Table IV-3. From 0 to 55 percent U02(NO33)2 the densities are given for 250C.; from 56 to 90 weightper cent U02(N032a),the densities are given at the saturation temperatureOf the solUti.on..[2

U02(N03)2 - N0 - H20 systems

The density of the )02(N03)2 -EU03 - H20 system (corresponding tothe RCU stream4 is presented in Table Jt-4 as a function of increasing
U02(NO3)2 concentration and decreasing o30 concentration as determinedat the saturation temperatures of the solutions.(50) The dens ties r.tthe boiling points of the solutions are given in Figure IV-il,(12)

DECLASSIFIED

Cmj
rZ J

CnK

D W



432 DECLASSIFIED
and may be calculated for 25 C. by means of the equation in the following
paragraph.

U HN 2 -C H_3_- NaNO3 0 system

The densities of t system at 25 C. are given in grams/cu. cm. by
the following equaton: 10)

d = 1.0012 + 0.317T7J02 0d3 , + 0.03096 E0 3 + 0.051 -NaN

This equation gives an accuracy of ± 1 per cent up to a concentration of
5 M ENO . The effect of terlrature on the density of this system is shown
in the ollowing equation.

dt 1.0125 d'aC. + o.oooi45 t - 0.000500 t d 25*C. - 0.0036 --- (2)

where t = temperature in C.

Multi-component systems

The densities at 25 C. for aqueous solutions containing phosphates
and sulfates in addition to UO 2 (NO )2 , HNO and NaNO ,are given in
Table IV-5. These compositions cofrespod t he apploximate concentra-
tions of the aqueous feed, PAF, to the extraction column (see Chapter III).

4.04 Viscosity

UflNO3 ) - EN03 C system

The viscosity of the U02 (Ng)2 - HNO - H20 system (corresponding
to RCU during the final concentrttion step) is given in Table IV-4. The
viscosity shows a regular increase with increasing U02(No 3 )2 concentration
and ehibits a 20 to 40 per cent increase with a two-fold increase in shear
rate. 50)

U_ _ - NaO 3 20 syst

The viscosities of ths. system at 250C. may be calculated by means of
the following equation:

log10 \ = 0.9527 + 0.2426 !J02(103)2 + 0.0100 !FU0 2 (N0 3 )2

+ [0.0089 - 0.0023 MJo2(No

+ [0.025 + 0.015 J02 (N03)2 + 0.005 NHN03  . u(ao 3)

vhereW?= viscosity in millipoises.
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Multi-component systems

The viscosities of multi-component solutions corresponding to RAF
solutions are given as a function of temperature in Figure IV-12f46)(88)
The viscosities at 25 C. are given in the following table for (a) RAF
corresponding to Flowsheet TBP-HW No. 5, (b) the corresponding aqueousphase at the column aqueous feed inlet, and (c) this same aqueous phase
near the bottom of the extraction section.(2 )

Viscosities of RAF, RAFS, and RAW at 2 C.

Composition, M

Phase q22Z .04! a Na+_
Total

HN03- NO,-

Density,
G. /Ml.

Viscosity,
Millipoises

RAF, TBP-W
No. 5

Aqueous phase
at feed
inlet, SAFS

Aqueous phase
at bottomrf'
extn. section

0.188 0.16 0,18 2.65

0.152

0.015

0.10 0.12 1.75

0.10 0.12 1,75

3.0 5.19 1.2826

3.2 4.71 1.2407

3.1 4.34 1.1976

4.05 Hydrogen ion concentration, p

The pH's for this system at 250C. are gfve in Table I7-3 for solu-tions from 0 to 43 weight per cent U02(i%03)2 12

U02.(NO3h - HNOI_- 20 system

The pH values of solutions from -0.2 to +0.6 M HNO are given at four
levels of uranyl nitrate concentration in Figure Ii-13. (i-) Sodium
nitrate has little effect on the pH of acid solutions of U2(N3 ).Neutral or acid-deficient solutions of U%2(N0;) 2 , how show a oer-
ing of pH by about 0.12 pH units per mole of aNO3 2 0 )e

Multi-component systems

The effect of acid concentration on the stability of ti-componentsystems (RAF solutions) is illustrated in Figure IV-14.33)Vl In therange of HNO- concentrations required to maintain stable RAF solutions,the pH is approximately zero.
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;
4.06 Saturation temperature

U02 20)2  2 system

The tem erture-solubility phase diagram for this system is given in
Figure IV-12

2 0QNO32 - HNo3 - H2o system

The temperature-solubility phase diagram for this system is given in
Figure IV-10 for fN03 concentrations ranging from 0 to 3 M.

The U(N0 ) - HN - aO system at) which constitutes the aqueous
uranium effluent CU: 0-26 _ '2(NO3)2' 0.3 M 1010,) from the RC Column,
is illustrated in Figure IV-15A, where saturation temperature is given as
a function of the degree of concentration. Figure IV-15B gives a. curve
showing the- per cent removal of the RNO4 during the concentration operation.
The saturation temperature and composition of RCU are presented in Table
IV-4 as a function of degree of concentration from 50 to 89 weight per cent
U2(NO3 )2-

U_ - ENO - N HNO 0 system

Segments of a phase diagram for this system are shown in Figure IV.a6, In
the concentration range covered, the effect of uranyl nitrate is seen to
decrease with increasing nitric acid concentration. The component freezing
out along the 0.0 and 1.0 M curves is Tce while the com n t freezing out
along the 2.0, 3.0, 4.0, and 5.0 M ENO3 curves is NaNI

Multi-component systems

Multi-component solutions, approximating the composition of aqueous
feed to the RA Column,are listed in Table TV-5 where saturation tempera-
tures are given as a function of the concentrations of the various constit-
uents over a range of uranium concentrations from 0.15 to 0.37 M.

The saturation temperature of an WAF solution corresponding to Flow-
sheet TBP-HW No. 5 (TBP-HW No. 4 before concentration) is shown in Figure
IV-15A as a function of the degree of concentration, and in Figure IV-14
the solubility of this multi-component system as a function of acid content
is presented for varying Na-to-U ratios when the phosphate, sulfate, and
uranium molarities are approximately equal, as stipulated in the flowsheet.

4.07 Boiling points

222 NO3)2_Z 0 systems

The boiling points of aquqoul solutions of Uo2(No3)2 are given in
Table IV-3 and in Figure IV-11259

U2(NO) - HNO - E20 system
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The boiling points of this system from 0 to 80 per U2(N3)2and from 0 to 60 per cent HNO3 are given in Figure I-. 1 2 rl

The boiling points of the U2(NO3 )2 - HN0 3 - HO system, correspond-ing to concentrated RCU, are given in Table I-4 as a function of thedegree of concentration from 50 to 89 weight per cent U0J(NO )2 . (SeeChapter VII for a detailed description of the RCU concen ration procedure.)

4.08 Specific heat

02 2312_:- H 20 system

The specific heats of uranyl nitrate solutions from 0 to 4 M (71weight per cent U0n(NOq)2 ) are given in Figure IV-l7(9 1 ) Since the sat-uration concentration Is 2.6 M (56 per cent) at 25*C., specific heatvalues above that concentration include solid U02(N0-,)2 -6 20 which hascrystallized out. The specific heat of solid U%2(NO3) 2 -6%0 at 25*0. is0.23-calorie/(gram)( 0C.). Figure IV-17 includes, also, specific heatcurves, for HNO and NaNo3 3-
4.09 Refractive index

71

U_02. H0 2-.--H20 system

The refractive indices for this tem from 0 to 55 weight per cent
UO (NO 3 )2 are included in Table IV-3 e

4.10 Molarity - weight per cent conversion

U00(10 3 2 -mn20 system

Convers on curves for U02(o 3 )2 and UO2(uo,) 2 . 6C0 are given inFigure IV-18 In view of the very small contribution which nitric
acid makes towards the density of solutions of moderate uranyl nitrateconcentration -(see equation (1) under I[.03, above), the conversion curves
of Figure IV-18 may be used for solutions containing up to 2 M ENO withan error of only a few per cent. -3

If the density of any system is 'mown, the conversion of concentra-tion units for any of the components may be obtained from the generalequation:

Weight per cent - Molarity x Foruala weight
10 x Density

where the density (in grams/cu. cm.) and molarity are determined at thesame temperature.

5. Aqueous Mixed Sodium Salt Solutions

5.1 Introduction
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The highly acidic aqueous raffinate from the RA Column is neutralized
with sodium hydroxide and is then concentrated and stored underground. The
degree of concentration possible is directly governed by the physical proper-
ties of the resultant concentrate as discussed in the following paragraphs.

5.2 PAW

5.21 Composition

The estimated flowsheet (e.g.,, TBP-HW No. 4) compositions for RAW are
based on the assumption that the aqueous feed to the RA Column is prepared
from a slurry of sludge and supernate combined in the ratio existing in the
underground storage tanks. However, aqueous feed streams prepared from
sludge slurried with water, or prepared directly from concentrated supernate,
are conceivable and, as such, represent limiting cases. The composition of
RAW may thus vary over wide ranges of concentration as the RAF composition

- fluctuates between these limits. The variation in RAW composition with
C flowsheet conditions is shown in Table IV-6 as a function of the RA Column

aqueous feed composition(4 3)(45)(56) These compositions do not include
any contribution from the RO Column aqueous wastes.

5.3 Neutralized RAW

5.31 Composition

The compositions of neutralized RA Column aqueous wa for Mlowsheets
TBP-W No. 4 and No, 5 are given in the following tabler(C)

Composition and Saturation Temperature of Neutralized and

Concentrated RAW as a Function of Degree of Concentration

Per Cent of RAW Volume
TBP-W No. 4 TBP-HW No. 5 Saturation Na.Sol Na 2 PO4  N240,
Flowsheet Flowsheet Temp.,C, G. L. G.7C.. G /LI

100 77 14 31.0 25.9 332
80 62 18 38.8 32.4 415
63 49 26 49.2 41.1 527
47 37 36 65.9 55.1 706
45 35 39 68.9 57.6 738
44 34 80 70.5 53.9 755

5.32 Physical properties

5.321 Effect of degree of concentration

The physical properties of neutralized gt e are given in Table IV-7
as a function of the degree of concentration Ik)) which is expressed as the
percentage of the volume of RAW and of the original volume of the waste re-
moved from the underground storage tanks.
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5.322 Saturation temperatures

The relationship between saturation temperatures and degree of con-
centration is shown in Table IV-7 and Figure IV-19. The optimum volume
of concentrated waste has a saturation temperature of 36*C. representing
about 47 per cent of the volume of the RAW (Flowsheet TBP-EW No. 4) and
75 per cent of the volume of the parent stored uranium wastes. Concen-
tration below this point greatly increases the freezing point without
materially decreasing the waste volume.

An increase in the sulfate concentration of up to three times the
nominal TBP-HW No.4 Flowsheet RAW concentration of 0.21M does not appre-
ciably change saturation temperatures. However, an increase in the phos-
phate concentration (0.14 under TBP-HN No.4 Flowsheet conditions),
either in the presence or absence of a corresponding increase in sulfate
concentration, markedly raises the saturation temperature as shown in thefollowing table:

C=3

Saturation Temperature and Boiling Point of Neutralized

en RAW Concentrated to 5fo of Oriinal Volume (TBP-W No. 4)

Effect of Added Salts

Saturation Boiling
Salt Added Temperature, *C. Point, *C.

None 36 111

3-fold P 4() l46

3-fold S04 (b) 38 111
(a)

3-fold PO,$

3-fold So 4(b) 74l

Notes: (a) N PC, added to make the PO, concentration 0.54M (i.e.,3 ires the TBP-HW No. 4 Flowsheet PC4' concentration of
0.18M).

(b) Na2SO added to make the 3O0! concentration O.63M (i.e.,
3 times the TBP-HW No. 4 Flowsheet SO!4 concentration of
0.21M).
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5.323 Boiling points

The boiling points of neutralized, concentrated RAW e shown in the
table below as a fundtion of the degree of concentration: V)

Boiling Point of Neutralized RAW (TBP-HW No. 4)

W
Per Cent of

Neutralized RAW

100

70

6o

45

40

aste Volume
Per Cent of

Stored Uranium Waste

159

111

95

79

71

Boiling
Point, C.

102

105

107

111

112

114

See under 5.322, above, for the effect of added salts
of RAW concentrated to 50 per cent of its volume,

on the boiling point

5.324 Density

The density of concentrated, neutralized aqueous waste is given in
Table IV-7 as a function of degree of concentration.

5.325 p-H

Wastes neutralized with 50 per cent NaOf solution 4. accordance with
flowsheet requirements, exhibit pH's of 11.5 and above.4 The subsequent
concentration p affects the pH of the concentrate only slightly, as shown
in Table I7-7(0 The slight effect on pH is due to the liberation of
some NH3 during the concentration step, as discussed in Chapter XII.

5.326 Viscosity

The viscosity of neutralized, concentrated RAW is given in Table IV-7
as a function of degree of concentration.

5.327 Specific heat

The specific heat of neutralized, concentrated RAW is also given in
Table 17-7 as a function of temperature at two degrees of concentration.

4 .4
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6. Reducing.Agents
DECLASSIIED

6.1 Ferrous ammonium sulfate

6.11 Introduction

Ferrous ammonium sulfate hezahydrate is a green,crystalline compound
which is introduced as a 0.05M aqueous solution in the RA scrub stream
for the purpose of reducing plutonium to the organic-insoluble Pu(III)
state. The role of the reducing agent in the RA Column is discussed in
Section A of this chapter.

6.12 Physical properties

Formula

Molecular weight

Melting point

FeSO4. (n 4 )2 80 4 ,620

392.15 (as the hydrate)
284.0 (as the anhydrous salt)

Decomposes at about 100 C.

Tempgrature,
C.

0
15
25
40
50
70

Solubility in Water(4 )

G. FeS04.(NHj) 2 S 4
Per 100 G. a-o

12.5
20.0
30.0
33.0
40.0
52.0

FeSO .r(NH)oSa 4 ,
Weight Per dent

11.1
16.7
23.1
24.8
28.6
34.2

Density of Aqueous Solutions(7)

FaS04-.(NHI ) So4,
Weight Per ent

2
4
6
8
10
12
14
16
18
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1(5.5d 4
1.015
1.032
1.048
1.065
1082
1.100
1.118
1.136
1.154

25d4

1.013
1.029
1.045
1.062
1.o8o
1.098
1.1u6
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6.2 Sulfamic acid DECLASSIFIED
6.21 Introduction

Sulfamic acid, or rather the sulfamate ion,. ZH80, is used in the
RA Column as a holding reductant, where its function is to destroy nitrite
ion, and hence prevent the oxidation of Fe(II) to Fe(III) by nitrite ion
before the plutonium is completely reduced to Pu(III). Section A of this
chapter contains a discussion of the chemistry of reducing agents in the
RA Column.

Sulfamic acid is introduced into the
in the aqueous scrub stream.

6.22 Physical properties

RA Column as a 0.10M solution

Formula

Molecular weight

Appearance

Melting point

Heat libcrated upon
dissolution inwater

Solubility of Sulfamic Acid

White crystalline solid, non-
volatile on-hygroscopic,
odorless -

205 C., with decomposition(2)

5800 calories per mole

in Water(l)

Temperature,
C.

0
10
20
30
40
50
60
70
80

G. Sulfamic Acid
Per 100 G. HO_

14.68
18.56
21.32
26.09
29.49
32.82
37.10
41. 91
47.o8

Sulfamic Acid,
Weight Per Cent

12.8
15.7
17.6
20.7

.22.8
24.7
27.1
29.5
32.0

All ordinary salts of sulfamic acid are extremely soluble in water,
being in most instances more soluble than the corresponding nitrate or
sulfate.
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6.23 Chemical properties DECLASSIFIED
6.231 Acid strength

Sulfamic acid is considered a strong acid, ejng stronger thanphosphoric acid, though weaker than nitric ac..2 Its pH as afunction of concentration is given in the following table,.

pH of Aqueous Solutions of Sulfamic Acid

Concentration of
Sulfamic Acid, M

1.0
0.75
0.50
0.25
0.10
0.05
0.01

o.41
0.50
0.63
0.87
1.18
1.41
2.02

6.232 Hydrolysis

Sulfamic acid hydrolizes according to the equation: (1)(67)

NH2 S0 3 _ +- 20 - NH4+ + SO "

The hydrolysis rate at room temperature is slow (about 0.1 per cent per
day for either a DM sulfamic acid or a 1M sulfamic acid-rm ENO solu-tion). A similar rate is found for a I M sulfamic acid--l Al (40 )3
0.3M NO3 solution. The hydrolysis is a first-order reaction with rateconstants at 80 C. of 0.0456 and 0.0825 per hour (i.e., 4.56 and 8.25er cn ?cc Posed per hour) for 1 and 10 per cent solutions, respec

6.233 Other reactions

Sulfamate i<reacts rapidly, smoothly, and completely with nitrousacid to give N 2:

HN02 + NH2S03_---- N2 + SO 4 + H2  + B+

N2 0 g T jncontrated nitric acid reacts with sulfamic acid to produce

acid. ft, pcrmanganate, and ferric chloride do not attack sulfamic

A 0.1M sulfamic acid solution ozonated for six hour at room tempera-ture decomposes to the extent of only a few per cent. 2

aOW DECLASSIFIED
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6.3 Ferrous sulfate

6.31 Introduction

Ferrous ion is used in the TBP process for the selective reduc-
tion of plutonium to the organic-insoluble Pu(III) state (see Section A),
and is supplied by comercially available ferrous emmonium sulfate.

An alternative to ferrous ammonium sulfate is the combined reducing
agent and holding reductant,. ferrous sulfamate. This substance is not
commercially available, and if required, must be prepared on the plant
site.

6.32 Preparation

Ferrous sulfamate is, prepared from ir o lr and an aqueous solution
of sulfamic acid by the following reaction: 101

Fe + 2 ESO3 2 -Fe(SO 3Dl 2  + H2 + 24,600 calories

6.33 Physical properties of ferrous sulfamate

Formula Fe(SO3nH2 )2

Molecular weight 248.03

Appearance The 2.5 M solution is greenish-blue
in color:(19)

Solubility The saturation concentration in wvaer is
in the range of 3.6 to 3.8 M at 25 C.(19)

6.34 Reactions and stability

High pH contributes to the stability of sulfamate ion towards hydrol-
ysis, while low pH is necessary for the stability of ferrous ion towards
air oxidation and consequent precipitation. The stability of ferrous sul-
famate toward ferric precipitation is satisfactory upon maintaining t e H
at 2 or slightly less with a 2 to 3 per cent excess of sulfamic acid.%1 9
The over-all stability of a ferrous sulfamate solution maintained at a pH
of 2 in a vessel containing an inert-gas blanket is limited by the rate of
hydrolysis of sulfsmate ion. This rate, as reported in 6.232, above, is
approximately 0.1 per cent perday at room temperature, and increases to
over 4 per cent per hour at 80 C. The total amount of sulfate ion in the
solution due to hydrolysis will be the sum of that produced during the pre-
paration of the ferrous sulfamate (approximately 1 per cent of the initial
sulfamic acid) plus that produced on aging.

The reaction between sulfamate ion and nitrous acid, described under
sulfamic acid (under 6.233, above), is the reaction which prevents the
oxidation of Fe(II) to Fe(III) t rough an autocatalytic mechanism involving
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nitrite ion(6 7) In 5.0 M 3' where Oxidation of Fe(II)to Fe(III) isnormally rapid, sulf Jon maintains the half-life of Fe(II) in therange of 30 to 50 hours 37

7, Interfacial Tension and Phase Disengaging Time

7.1 Introduction

The process of liquid-liquid countercurrent extraction involves inti-mate contact between two essentially immiscible liquids, during which timethe solute is transferred from one phase to the other across the phaseboundary between the two systems. This desired contact is obtained in theRedox process by dispersing in the continuous phase fine droplets of theorganic phase, which, owing to the specific gravity differential betweenthe phases, rise vertically through the more dense descending aqueousphase. Interfacial tension in such a system, analogous to surface tensionin distillation and absorption processes, influences the size of the drop-lets of the discontinuous phase Smaller droplets are more easily formedwith systems of lower interfacial tension, the droplet diameter beingproportional to the interfacial tension. Small droplet diameters in turnmean increased interfacial area, resulting in increased solute mass trans-CM fer rates across the interface. The final result is manifested in loweredH. E. T. S.. and H. T. U. values..

Too fine a dispersion, however, which may result in the. formation ofan emulsion, is not des;able, owing to unduly increasee difficulties ofphase separation v ich citweigh any advantages resulting from the increasedinterfacial area

The determination of the emulsion-forming properties of a system ismade by measuring the time required for the phases to disengage. The dis-engaging time correlates.approximately with extraction column floodingcapacity and entrainment losses.. There seems to be no indiredt method ofdetermining disengaging times, since no reliablo experimental correlationhas been found between interfacial tension, density, viscosity, etc., ofprocess streams and their disengaging times.

7.2 Interfacial tension

Interfacial tensions between solvent (15 volume per cent TBP in Deo-base) an& aqueous process solutions have been determined at 250C. Data ontypical systems correspondin TBP-W No. 4 Flowsheet conditions aregiven in the following table 16

Organic-Aqueous Interfacial Tnsions

Interfacial Tension, Dynes/Cm.
- Cclumm Scrub Inlet Feed Inlet Extra tant; btt

FA16.4. 15.1 
44.'7

14.7
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The variation in interfacial tension with a change in temperature from

15* to 75*C. was found to be negligible, falling within- the limits of ex-
perimental error.

7.3 Disengaging time

Disengaging time has been arbitrarily defined as the time required
for the separation of an organic from an aqueous phase, when the two have
been combined in the appropriate ratio (usually the flawsheet ratio) to a
total volume of 50 ml., and inverted in a stoppered 50-ml. graduated cyl-
inder at the rate of once per second for 20 secondst86)

No direct correlation has been established among phase densities,
interfacial tensions, and disengaging times, but it has been observed that
no appreciable aqueous entrainment in the organic effluent occurs during

IM RC Column runs when the organic holdup t mn is greater than 7.5 times the
c£2 disengaging time (TBP-W No. 4 Flowsheet,5 , Since the organic residence

0= time in the RC Column phase disengaging section is about 11 minutes, aque-
ous entrainment in the organic phase is not expected to occur unless the
disengaging time markedly exceeds 90 seconds.

Disengaging times measured on effluent stream samples from typical RA
and RC Column pilot-plant runs average 40 to 60 seconds(56) No significant
effects on disengaginz times of an RA extraction system have be n observed
when excess SOjJ, P%4 , or N0 3 - were added to the aqueous phase 39)

7.4 Emulsifying impurities

The presence of emulsifying agents in minute quantities has been noted
to cause wide variation in the disengaging times of systems of essentially
identical macro-composition. The uranium-monobutyl phosphate complex
causes stable emulsions in the RC Column when present in the organic phase
in amounts of 0.01 volume per cent or greater(87) Monobutyl phosphate is,
however, quantitatively removed from the organic solvent by continuous
countercurrent washing in the RO Column with a dilute carbonate or other
wash solution, as discussed in Chapter XI. Dibutyl phosphate does not
produce an emulsifying effect in the RC syste37)

There is some indirect evidence (based on Redox process experience)
that small amounts of siliceous matter in the RAF (derived from the Al-Si'
slug bonding layer or from sand blown into the underground uranium waste
storage tanks) may cause emulsification in the RA Column. However, dis-
solving coating removal waste in the RAF so that the RAF contained approx-
imately 100 p.p.m. silica has (in one experiment) e ib ted no significant
effect on disengaging times in the RA Column system 6 )

8. Heats of Extraction

In the A Column .system at 250C., about I kilocalorie of heat is
liberated per mole of U02 (NO3 )2 transferred from the aqueous phase to the
organic phase under conditions approximating those found at the feed point
under TBP-HW No. 4 Flowsheet conditions(53 The transfer of uranium from
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an aqueous phase into a TBP-diluent mixture involves the breaking of ura-nium-phosphate and uranium-sulfato complexes, the dehydration of uranylnitrate, and the formation of TBP-uranyl nitrate coordination bonds, Theheat effects of bond breaking and formation are compensating so that theover-all heat of transfer of uranium into TBP is smal.

In the RC Column system, about 5 to 6 kilocalories of heat are ab-sorbed per mole of uranium transferred from the organic phase to theaqueous phase, over the range of compositions given in Figure IV-23(53Y

C. SOLVENT-AQUEOJS PEASE EQUILIBRIA

The solvent-aqueous phase equilibrium data, which are the subjectmatter of this section, are gresented largely in terms of the distributionratio concept. The symbol E. , used throughout this section, stands forthe organic/aqueous distribution ratio, defined as g./1. solute in theorganic phase divided by g./l. solute in the aqueous phase.

1. Uranium

enJ 1.1 Introduction

duc The successful separation of uranium from plutonium and fission pro-ducts is dependent upon the distribution ratios of these materials betweenthe organic and aqueous phases as a function of the composition of thephases involved in the transfer system. The following tables and figuresillustrate the dependency of uranium distribution upon the process vari-ables end arc to be compared with plutonium and fission-product data asgiven under C2 and C3 of this chapter. For a discussion of the basicprinciples involved in the TBP process nd the choice of optimum operating
conditions, reference is made to Section A.

1.2 RA Column system

1.21 Effect of uranium concentration

The effect of uranium concentration on the uranium distribution ratio.s a function of the degree of saturation of the organic phase with respectto uranium. Saturation of the organic phase corresponds to complete uti-lzation of th t 'butyl phosphate by complexing two moles of TBP with onemole of uraniuml 2Ih- The theoretical maximum solubility of t02(N0932 in12.5 volume per cent TBP ilnu diluent is 0.22 !1.

The quantitative effect of uranium concentration on uranium distri-bution may be scan from the inter-stago date given in Figure IV-20A wherethe illustrated compositions approximate TBP-W No. 4 Flowsheet conditions.The uranium distribution ratio, F, is seen to increase by a factor of 10on passing from the concentration at the fod point (0.2 M U23NO''that at the bottom of the column. 3
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Uranium distribution in the scrub section varies markedly with the

concentration of uranium present in the organic phase (Figure TV-20B).
Scrubbing an organic extract, 43 per cent saturated with uranium, with
3 M fNOz gives a uranium distribution ratio (org./aq.) of 5.2; whereas
for a solvent 100 per cent saturated with uranium, the distribution ratio

at 3 M DU0 3 is 1.0. As the solvent approaches uranium saturation, urnnium
distiytion becomes ;less highly dependent on the nitric acid concentra-
tion72

1.22 Effect of ritric acid concentration

In the absence of the NaNO produced by feed noutralization, uranium
distribution into the organic p1Lasc increases as the aqueous phase nitric
acid concentration increases, reaching a maximum value at about 5.5 M
EN0 3 (Figure IV-23A). At higher nitric acid concentrations a decrease in
the uranium distribution ratio (org./aq.) is noted, presumably because of a
decrease in the activity coefficient of HNO3. The affects of sulfate and
phosphate on uranium distribution, also illustratod in Figure IV-21A, are
discussed under 1.25, below, As shown in Figure IV-21B, nitric acid in
the range of 1 to 4 M has only a slight effect on uranium distribution
under Floyshoet TBP-EW No. 4 conditions.

1.23 Effect of tributyl phosphate concentration

The effect of tributyl phosphate (TBP) concentration on uranium dis-
tribution under BA Column conditions is illustrated in the following table.
As the TBP concentration is increased from 10 to 15 volume per cent, the
uranium dstibution ratio (org./aq.) is seen to increase by a factor of
about 1.7P2)

Uranium Distribution in the BA Column System

Effect of TBP Concentration

Uranium Distribution Ratio,
TBP Concentration, G.U/L. Organic

Volume Par Cent G.U/L. Aqueous

10 3
12.5 3
15 5

1.24 Effect of diluent

With ihe hydrocarbons employed as diluonts in the TBP process,
variations in uranium diptribution attributablo to the diluent employed
are. negligible( (So) (35) (40)

1.25 Effect of phosphate and sulfate

The effect of the presence of phosphate and sulfate is to decrease
uranium distribution into the organic phase, phosphate being more effective
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than sulfate in this respect (Figures IV-21A, IV-22A, and IV-22B). Thisis especially apparent in the dilute uranium region of the RA Column, wherean increase in the phosphate concentration from 0.1 to 0.4 M decreases theuranium distribution ratio, Ea, by a factor of about 3(35) ~

1.26 Effect of butyl acid phosphates

Butyl acid phosphates,. undesitab hydrolysis products of TBP, formvery strong complexes with uranium 3060 The effects of these complexeson uranium distribution under RA Column conditions are not apparent due tothe high ionic strength of the aqueous phase and the direction of uraniumtransfer. In the RC Column system, however, the stability of te complexesprevents the transfer of uranium back into the aqueous phase 75 (Seeunder 1.34, below.)

1.27 Effect of temperature

The effect of temperature on uranium distribution is shown in FigureIV-23. Over the temperature range of 00 to 60*C., uranium distributioninto the organic phase is favored by a decrease in temperature, the effectbeing greater at low uranium concntrations(53)

1.28 RA Column euilibrinm diarams

Changes in feed composition resulting from variable sludge and super-nate compositions and volume ratios (see Chapter III, Section A) requirechanges in operating conditions in order to realize maximum processingcapacity consistent with acceptable uranium losses. The chemical processvariables, HsPO4, H2S04, HNO , NaNO , UO (NO3 )2, and TBP concentrations,are correlated in Figures 1r24 thrugh IV-27. The correlations arepresented on the basis of the equilibrium "constant", K, in the equationrepresenting the mechanism for the extraction of uranium by TBP solutions.The extraction is represented by the reaction(24 )

UO2++(Aq.) + 2NO3-(Aq.) + 2TBP(Org.) --a U02 (N0)2 .2TBP (Org.),--(:)

from which an equilibrium "constant" may be calculated and expressed inthe following form (see Section A):

(Aq.) 2TBp - 2UN(Org.)] 2

where E; - uraniumzdistribution ratio, G.U/L. Org.
G.U/L. Aq.

K = equilibrium "constant"/

N03 - = total nitrate concentration in the aqueous phase, M,

TBP = total tributyl phosphate concentration in the organic phase,
M, and

UN = uranyl nitrate concentration in the organic phase, M.
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The curves of Figure IV-24 permit the estimation-of the equilibrium

constant',' K, for varying concentrations of'SO40, PO4, NaN0 3 , and BN0.*
The equilibrium curves of Figures IV-25, IV-26, and IV-27, with parameters
expressed in terms of K, may then be used in determining uranium equilibria
for an organic phase containing 10, 12.5, or 15 volume per cent TBP in
diluent.

Jhe curves of Figuire I7-24 agree closely with direct experimental data
for KZ 1, but for KlIvalues of 0.5 or 2 an error in T of about 5 per
cent is found at an I value of 100 g./l. of UO2(N 3 )0 .6 20. This error
drops to zero per cent below an X value of 10 g./l., and may be neglected
in most run calculations since the major part of the calculation involves
the range below 50 g./l. in the aqueous phase.

As an example, the use of the figures is illustrated for a run made
under TBP-W No. 4 Flowsheet conditions. From the known composition of
feed and scrub, the concentrations of P0,% SOI4 , Na+, and H+, in the
aqueous phase may be calculated to be 0.17, 0.17, 2.71, and 2.64 molar,
respectively. The use of these S0$ and P041 concentrations in conjunc-
tion with Figure 1V-24A gives a K, value of 1.25. The value of Mp is de-
termined from Figure IV-24B using the aqueous phase concentrations of
"free" HNO and NaNO 3 . Converting the H+ M to "free" HNO, (H+ M - 2S04

M - 3P04s ) gives a value of 1.79, which in conjunction with the previ-
ously determined NaNO 3 concentration permits the value o K2 (1.15) to be
read from the chart. The product of Ki and K2 gives a value of 1.44.
The product of the K value and he Ultal NO3 - concentration in the aqueous
waste stream (4.45 M) gives a (ITO value of 6.41. Interpolatipn between
curves 6 and 7 of Figure IV-26 (parmeters expressed in terms of KNO3
gives the desired equilibrium line.

1.3 RC Column system

1.31 Effect of uranium concentration

The ionic strength of the RC Column system is much lower than that of
the RA system; consequently, the effect of uranium concentration on urao
nium distribution is more pronounced. This is illustrated in Figure IV-28.
In the absence of B10 the uranium distribution ratio (org./aq.) increases
a thousand-fold as the uranium concentration is increased from 1 to 50
g./1. In the presence of 10 f. N03/1A the effect is reduced due to the
salting action of nitric acid"32) (30) (see 1.32, below).

1.32 Effect of nitric acid concentration

By referring to Figure IV-28 it may be soon that HNO increases ura-
nium distribution into the organic phase markedly in the dilute region of
the RC Column. At a 0.01 M UO2 (NO3 )P concentration in the aqueous phase the
uranium distribution ratio (org./aq. increases a thousand-fold as the
aqueous phase nitric acid concentration is increased from 0 to 10 g./1.
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1.33 Effect of tributy. phosphate concentration

Increasing the concentration of TBP in the solvent increases uraniumdistribution into the organic phase. At 100 g./1. UO2 (NO?)P.6%0 in theequilibrated aqueous phase with no HNO present, uranium distri ution into
the organic phase is increased by a factor of 2 a the TB? concentration
is increased from 10 to 15 volume per cent(38) The effect increasesslightly with decreasing uranium concentration.

1.34 Effect of butyl acid phosphates

The deleterious effect of dibutyl phosphate on uranium distributionin the RC Column nay be seen from the following data in which an organicphase (RAX), consisting of 15 volume per cent TBP in Deobase containing
LM varying amounts of dibutyl phosphate, was equilibrated with an equal (52 )volume of aqueous solution containing 1 or 10 g./1. U%2(No 3)2.6a2 o.

Uranium Distribution in the RC System

Effect of Dibutyl Phosphate (naP)

Organic Phase Aqueous Phase Uranium Distribution
DB?, G. /L. UNH,G./L. Ratio, E9

0.0 1 0.002
0.2 1 o.411.0 1 21.0
0.0 10 0.02
0.2 10 0.071.0 10 0.22

The presence of small quantities of DBP thus prevents the stripping ofuranium back into the aqueous phase, the effect increasing with decreas-ing uranium concentration.

The complex formed between uranium and monobutyl phosphate is aprecipitate insoluble in either phase anCL, under dilute RC Column condi-tions, results in the formation of stable emulsions or interfacial scum(65)

1.35 Effect of temperature

The effect of an increase in temperature is to decrease uraniumdistribution into the organic phase (Figure IV-23). The effect is rela-tively slight, an increase from 20* to h0*. decreasing the uranium dis-
tribution onl by a factor of about 1.5 at uranium concentrations ofabout 0.1 M.)
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1.36 RC Column equilibrium diagrams

Equilibrium lines for -RC Column operation, with 10, 12.5, and 15
volume per cent TBP in the feed, are. shown in Figures IV-29 through IV-31.
The nitric acid concentrations which are given permit the estimation of
uranium equilibria under a wide .range of conditions.

The slopes of the equilibrium lines decrease from about 3 to 1 as
the nitric acid concentration is increased from 0 to 30 g./l. in the aque-
ous phase. Similarly, a decrease in the slope of each equilibrium line is
found above approximately 30 g./1.- U02(N0 3 )2 .620 in the aqueous phase.

2. Plutonium

2.1 Introduction

Although the bismuth phosphate process uranium waste contains only 1
to 2 per cent of the plutonium initially associated with the uranium, a

r decontamination factor of about 40 is required in the TBP process to meet
the specifications of a uranium-to-plutonium weight ratio of 107 in the
uranium product. This degree of decontamination is attained by the reduc-
tion of Pu(IV) in the PA Column to the essentially non-extractable Pu(III),
The reducing agent, Fe(II), is added to the scrub stream along with sulfa-
mate ion which acts as a holding reductant to prevent the premature oxida-

tion of Fe(II) to Fe(III) in the column. The small amount of sulfate ion

introduced in+.o the scrub stream by the addition of Fe(II) as ferrous am-

monium sulfate has no appreciable deleterious effect on uranium extraction.

Consequently, chemical addition to the scrub solution is made in the form
of ferrous anmonium sulfate and sulfamic acid instead of the more difficult-

ly prepared ferrous sulfamate.

The following paragraphs show the dependency of plutonium distribu-
tion on the several process variables. In many cases the data for Pu(III)
are unavailable because of its low distribution into the organic phase.

2.2 Effect of oxidation state

A comparison of the distribution ratios of Pu(III), (IV), and (VI),
as illustrated in Figure IV-32, shows the distribution ratio (org./aq.)
of Pu(IV) from an aqueous phase containing 1.5 M TOf3 to be higher than

those of Pu(VI) and (III) by factors of 2 and 32, respectively. The dis-

tribution ratio of Pu(III) is of particular interest in the TBP process
since it is the oxidation state encountered in the RA Column. Its distri-

bution ratio, E (org./aq.),is low -- on the orde of 0.01 at an aqueous

phase concentration of 0.0 M U0 2 (N0 3 )2 and 1 M MNO V75) However, since the
presence of trace amounts oF the more easily extratable Pu(IV) will give
an apparent high Pu(III) distribution ratio, this experimentally measured

value for Pu(III) distribution may be considerably in error.

2.3 Effect of complexing agents

The folowing data show the effect of butyl acid phosphates on Pu(IV)
distribution27) 6)
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Effect of Butyl Acid Phosphates oh PWIV) Distribution

Aqueous phase: 3 M HNO 3. Equal-volume contacts at 250C.

Organic Phase Pu(Iv) zt
15 vol. % TBP in Deobase -.-
. vol. % BAP*, 15 vol. % TBP in Deobase 2370.1 vol. % BAP*, 15 vol. % TBP in Deobase 631 vol. % BAP* in benzene 2740.1 vol. % dibutyl phosphate in benzene 24.3

0.1 vol. % monobutyl phosphate in benzene 2.1*

*-Equimolar mixture of monobutyl and dibutyl phosphates.
** Precipitate containing the bulk of the plutonium formed

at the interface.

In the presence of 0.4 M U2(N0392, Pu(Iv) distribution into the organicphase is increased oni by a factor of 6 by the presence of 1 per centbutyl acid phosphates 7)

The distribution of Pu(IV) is greatly increased in favor of the aque-ous plase in the presence of fluosil ca e, the distribution ratio beingcomparable to that found for Pu(III) 25J The effect of fluoride ion onPu(IV) distribution is very similar to that of fluosilicate..(9)(36)(81)
In view of the corrosive properties of fluoride- ion, however, neitherfludsilicates nor fluorides are contemplated for plant use.

2.4 Effect of uranium concentration

Plutonium distribution into the organic. phase is depressed in theprose ce of uranium due to the higher specificity of the TBP-uranium com-plex. With an aqueous phase 3 M in HN03, the Pu(IV) distribution ratio(org./aq.) decreases by a factor of 6 as the degree of uranium saturationof the organic phase is increased from 35 to 80 per cent (Figure IV-33).
2.5 Effect of nitric acid concentration

The effect of nitric acid is to salt plutonium into the organic phaseand, as illustrated in Figure IV-33, the effect is pronounced at low ur-nium concentrations. With an organic phaso LO per cent saturated withuranium, the Pu(IV) distribution ratio (org./aq.) increases from 0.7 to4.6 as the E10 3 concentration in the aqueous phase is increased from 1.5to 5.0 M. This effect, however, is greatly suppressed as the uranium con-centration in the solvent nears saturation. The relative salting effectof nitric acid on Pu(III), Pu(IV), and Pu(VI) is compared in Pigure IV-32for Pu distribution in the absence of uranium.
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2.6 Effect of tributyl phosphate concentration

Plutonium distribution into the organic phase increases with increas-
ing TBP concentration. The following data show the effect of TBP concen".
tration on Pu(tV) and Pu(VI) distribution(75)

Effect of TBP Concentration on
Plutonium Extraction

Aqueous Phase: 1.85 M ENO Pu tracer.
Organic Phase: TBP- Gulf BT Mixtures.
Temperature: 200C.

TBP Concentration, Pti Distribution Coefficient (12)
Volume Per Cent Pi(IV) Pu(VI)

2.1 0.04 0.04
5.1 0.31 0.21

10.3 1,45 0.58
15.4 1.90 0.95

3. Fission Products

3.1 Introduction

Successful operation of the TBP process is dependent upon the sep-
aration of uranium from fission products and plutonium. The following
data show the effects of operating variables on fission-product distri-
bution. (See C1 and C2, above, for uranium and plutonium distribution
data.) Fission-product distribution ratios were determined as the ratios
of the co./min./ml. of the equilibrated phases. However, to make them
com rable to uranium and plutonium distribution data, they are expressed
as S . rgasnc phase and will henceforth be designated by the symbol

. aqueouphas
Ea. It is to be understood that actual fission-product concentrations
have not been determined -as g./l.

3.2 Typical fission-product distribution ratios

Representative distribution ratios for gross beta radioactivity and
the individual fission products ruthenium, cerium, zirconium, and nio-
bium at the feed point and second scrub stage under conditions approx-
imating those i the RA Column (P4 ! and SOr absent) are shown in the
table below: 77

Distribution Ratio, ita
Radioactivity At Feed Point At Second Scrub Stage

Gross Beta 0.0017 0.11
Ru 0.0045 0.22
Ce 0.00035 0.0058
Zr 0.0064 0.022
Nb 0.00035 - - -
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Feed - 0-5 M U2(N03)2 , 3 M6ENO3

Extractant - 15 volume per cent TBP in Varsol, 0.15 M HN0
Scrub - 3 M NO'

Vol. ratio - Feed: Extractant: Scrub a 3:10:2

3.3 Effect of uranium concentration

The fission-product distribution ratios are given in Figure ZV-34as a function of the final uranium concentration in the organic phase.The extraction of gross fission products into the organic phase (30 vol-ume per cent TSP in Gulf BT) decreases by a factor of 10 as the degreeof ur saturation of the solvent is increased from 35 to 80 percent. The sane effect may be seen in Figure IV-35, where gross betarr, and gamma4 distribution ratios are shown for an eftractsnt consisting oft10.7 volume per cent TP in ethylcyclohene.( As discussed underz- 3.4, below, the 'distribution ratios are lower by a factor of 5 to 10in the latter case due to the lower concentration of TBP.

Ruthenium distribution and, to a lesser extent, zirconium distribu-o tion are highly dependent upon the degree of uranium saturation of thesolvent as shown in Figure IV-34. Thus, from the standpoint of effectivedecontamntion in the extraction section of the RA Column, it is de-sirable to maintain the degren of saturation of the solvent with respectto uranium at 50 per cent or greater at the feed point. TBP-HW No. 4 and5 Flowsheet operate with 51 per cent uranium saturation of the solventat the feed point and about 8 per cent 'uranium reflux in the scrub section.
3.4 Effect of nitric acid concentration

The distribution ratios of gross beta and gamma radioactivities intothe organic phase from an aqueous phase containing only uranyl nitrateand nitric acid, as showqn in Figures IV-35 and IV-36, increase by factorsof 5 and 21, respectively, with an increase in - NO concentration of'the aqueous phase from 1.0 to 5.0 M. Ruthenium 5)an coraum(72) dis-tribution ratios show only a smal crease with increasing nitric acidconcentration, whereas the zirconium(75 ) distribution ratio, d, increasesfrom 0.08 to 0.72 over the range of 0.0 to 5.0 M N 03 when extracted fromaqueous solutions by means of 15 volume per cent TP. Concentrations ofnitric acid in the feed as low as 1.0 M, to take dvantage of the highD. F. obtainable, are not permissible ue to the possibility of urany
phosphate precipitation in feed solutions containing relatively high con-centrations of uranyl ion (see Section B). Moreover, in the presence ofprocess concentrations of sulfate and phosphate ion (approximately 0.26M in TP-eW No.4 Flowheet) aqueous-soluble uranium complexes are formedwhich make high concentrations (up to 5 M) of nitric acid desirable in theaqueous phase in order to maintain the uranium distribution ratio, Eo, ata value consistent with allowable uranium waste losses. The upper limit to
the aqueous nitric acid concentration in the feed occurs in the range of 4to 7 M depending 'upon the sodium ion concentration, since acid
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concentrations appreclably greater than this result in the precipitation
of sodium nitrate and the reduction of the 'um distribution ratio
(see Section B). The TBP-HW No. 4 Flowsheet 43 specifies 2.0 M ENO in
the scrub. This, when mixed with feed in the flowsheet ratio, results in
an aqueous phase at the feed point approximately 2.5 M in free HNO . This
concentration is a compromise which takes into account (a) fiesion-product
decontamination, (b) uranium waste losses, (c) column operability, (d)
nitric acid consumption, and (e) final aqueous waste volumes.

3.5 Effect of TBP concentration

The distribution of fission products: into the organic phase decreases
as-the concentration of TBP the diluent decreases at constant uranium '
saturation of the solvent.(9 1 This effect is illustrated in Figure IV-36.
Despite the lower fission-product distribution ratio, 49, with a solvent
containing 5.4 per cent TBP as shown in Figure IV-36, TBP-HW No. 4 Flow-

r sheet(43) specifies 12.5 volume per cent TBP as the extractant, chiefly
in order to make possible a satisfactorily* low EAX flow rate, which leads
to better colum operation and higher processing capacity.

3.6 Effect of diluent

The available data indioP.te that the choice of diluent, with the ex-
ception noted below, will have no significant effect on fission-product
decontamination. This conclusion follows-from the lack of correlation be-
tween the physical ad ohcical properties of the diluent and the observed
decontamination..77 7153M( 5 5  For instance, no detrimental effect on de-
contamination is noted in the use of TBP-0Cj 4 mixtures co taining ali-
phatic unsaturates, cyclic unsaturates, and aromatics. T However, ni-
tration products of diluents high in aromatic and olefin content are re-
ported to have a deleterious effect on fission-product distribution, de-
creasing the decontamination factor of gem= radioactivity by a factor of
15 and beta radioactivity by a factor of about 2 on the basis of one ex-
traction and 3 scrub stages.(57) Nitration products that may be formed
in the organic stream upon continued use of solvent are removed by scrub-
bing with caustic and/or carbonate solution followed by washing with
water, see Chapter XI).

3.7 Effect of dibutyl phosphate

Small concentrations of DBP cause an "irreversible" extraction of
some fission, products, principally zirconium. Extractions from Hanford
dissolver solution with 32.5 volume per cent TBP in CC1 4 , to which 0.0,
0.01) 0.1, and 1O voiume per cent DBP were added, gave over-a gamma-
emitting fission-product distribution ratios, ER, of 1.7 x 10 , 0.011,
0.070, and 0.41, respectively. Beta-emitting fission-product distribu-
tion ratios, Ev, were 8.A x 2.5 x 1o-3 , 0.014, and 0.033, for the
same runs.A55) Cerium and: ruthenium are unaffected by these concentra-
tions of DBP; over-all decontamintion factors of about 105 based on one
extraction and 3 scrub stages, have been obtained for each at both zero
and one per cent DBP. Ammonium fluosilicate tends to nullify the dele-
terious effect of DBP on fission-product decontamination,(57) but, dum
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to the corrosion problems attending the use of fluosilicate, the removalof DBP in the RO Column is relied upon to circumvent the problem.

3.8 Effect of complexing agents

A comparison of the effects of various aqueous-soluble complezingagents on fission-product decontamination is illustrated in Table IV-8.The distribution of zirconium into the organic phase upon extraction isdecreased about one hundred-f od by 0.1 M P047 ten-fold by. 0.01 MtSiF*6and six-fold by 0.1 M S04. (3) Little effect on ruthenium distributionis noted. However, after 3 scrub stages the over-all decontaminationfactors appear to- be only slightly improved by the complexing agents. (oOxalate ion is as effective as fluosilicate for zirconium decontaminatiot'

4. Nitric Acid

4.1 Introduction

Nitric acid transfer occurs in a manner analogous to that of uranium.However, the TBP-2N0 3 complex is less stable than the TBP-U)2(NO 3 )2 complex,and as a consequence, uranium has a back-salting effect on nitric acidwhich may be interpreted as a competition between urabyl nitrate andnitric acid molecules for the TBP. The following data illustrate the de-pendency of HNO3 distribution on the process variables.

4.2 Effect of uianium concentration

Nitric acid transfer into the organic phase decreases with an in-crease in uranium concentration (Figures IV-37 and Iv-38). A 3-fold de-crease in the nitric acid distribution ratio (org./aq.) is noted as theuranium concentration is increased from 0.02 to 0. M. The effect issimilar under both RA and RC Column conditions. (24(M)

4.3 Effect of nitric acid concentration

Inspection of Figure I7-37 shows that the ENO3 distribution ratio,Ea, decreases with increasing nitric acid concentration (at least up to4 M) under RA Column conditions, This effect is similar to the saturationeffect noted for uranium (Figure IV-20B). The 103 distribution ratio is
independent of nitric acid concentration under RC Column donditions(Figure IV-38).

4.4 Effect of tributyl phosphate concentration

A linear relationship is found between HNO3 dist ibvtion ratios andTBP concentrations between 10 and 15 volume per cent. 9 The following
data, which were obtained under RA Column conditions, show a 1.5-foldincrease in the HN3O distribution ratio (org./aq.) over the 10 to 15volume per cent TBP concentration range.
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Effect of TBP Concentration on HNO Distribution

RA Column System, Aqueous Phase Composition:

UNE 0.01 M; POJ 0.22 M; SOL" 0.22 M; NO3 5.7 M; Na+ 3.4 M.

Volume Per Cent TBP mNo 3:

10 0.10

12.5 0.13

15 0.15

5. Others

zr
5.1 Phosphate and sulfate

The distribution of phosphate, as measured by the transfer from acid-
ified uranium waste (5 M in HNo3 ) into a 20 volume per cent TBP solution
in CC10) , ors the aqueous phase by a factor of about 1500 (i.e., Epa1/1500. 2 Analyses of uranium product solutions rcqovered by the TBP
process have shown no phosphate or sulfate present.(73)

5.2 Chloride

Based on laboratory studies of a solution containing 1 g./l. of
chloride ion, the distribution ratios (org./aq.) for chloride, determined
at points corresponding to the dilute extraction region and feed point of
the BA Column er TBP-EW No. 3 Flowsheot conditions, are 0.04 and 0.1,
respectivey.( 9 Approximately 4 per cent of the chloride in the feed
enters the scrub section via the solvent. The distribution ratio in the
scrub section is on the order of 0.03, giving a calculated concentration
of about 0.002 g./l. of chloride in the uranium product stream, on the
basis of one scrub stage. Comparable data have been derive f om simple
and compound column studies conducted at the Hanford Works.M

5.3 Metallic ions

The distribution ratio (org./aq.) of iron, as determined by contacts
of plutonium-bearing slag and crucible solutions with 15 volume per cent
TBP in hoxane, is on the order of 0.005. By the same procedure, the dis-
tributton ratios of Al, Ca, and Mg were found to be on the order of
0.0003(15) The distribution ratios (org./aq.) of Ni(II) and Cr(III),
determined by equilibrations of pure TBP with an aqueous pease containing
1.6 M HNO 3 and 50./l. of the metal nitrate, are about 10 . Under the
sam Mitions,the distribution ratios of Fe(III) aiad Cu(II) are about
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Table TV-1

PHYSICAL PROPERTIES OF TRIBUTYL PHOSPHATE

Source of Data:

Nomenclature

Formula

Molecular Weight

Density, 250C.

Refractive Index, 25

20
riD

Melting Point

Boiling Point

HW-15079, HW-15172, HW-l7822

Tributyl phosphate, n-butyl phosphate,
TBP

(n-CI H) 3 P04

266.32

0.9730 g./cu. cm.

1.4226

1.4265

-80C.

2890C.
1770C.
12100.

Flash Point

Viscosity, 25C.

Latent Heat of Vaporization

Solubility in Water

Solubility of Later in TBP

Surface Tension, 250C.

Vapor Pressure, 10OoC.*

*) See Figure IV-3 for the
with temperature.

at 760 mm. pressure
at 27 mm. pressure
at 1 mm. pressure

295 0F. (Tag closed cup)

3.32 centipoises

.14,680 calories per mole

0.39 grams per liter at 2500.

6 grams per liter at 250C.

25 dynes per centimeter

0.25 mm. Hg

variation of vapor pressure

6*

DEcLSSIRE
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Table IV-2

PHYSICAL PROPERTIES OF DILUENTS

Source of Data: H --19065

Diluent

Union Insecticide Base

Standard Oil Special
Grade "B"

Standard Base Oil "C"

Deobase (Sonneborn
Co., N.Y.C.)

Deodorized Spray Base
(Shell Chemical Co.)

AI4SCO 1.9-92 Br

AIISCO 125-90 Vj

Super Sol
(Penn. Ref, Co.)

Gulf B.T.

Stoddard Solvent
(Shell Chem. Co.)

CC14

Density
at 250C.,
£Lu. Cm.

0.8037

0.7918

0.7933

0.7804

0.8038

0.7741

0.7570

0.7543

0.7606

0.7765

1.584

0.726

Refractive
Index
n 25

1.4441

1.4382

1.4386

1.43144

1.4435

1.4339

1.4226

1,4217

1.4271

1.4295

Viscosity
at 250C.,

Millipoises

16.1

14.5

17.3

19.0

11,7

i14.i

9.6

8.9

9'.2

1.4603 200C. 9.14

11.0

Boiling Range
and Mid-point,

00.

175-269,(229)

179-263,(217)

181-263,(220)

198-269,(225)

193-260,(232)

172-242,(200)

186-199,(190)

162-198,(165)

165--198,(177)

16o..193,(168)

77
196

Flash Point
Tag Closed
Cup, OF.

133

145

143

162

150

119

133

127

111

102

n-Cl2H26 0.746

I
Iodine
Number

Aromatic
Content,

0.9

0.2

1.4

1.0

1.0

7.0

1.0

1.9

9.1

1.8

1.13

0.11

0.07

0.02

0.42

1.22

0.49

o.CA

1.07

0.48

I
ra

14.o 216 165
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Table IV-3 &

PHYSICAL P90PETIES

.21P 22 - 20 SYSTEM

Source of Data: CL-697 and HW-19932

Concentration of U0 0 (rO 3 )2

- Weight Per Cent

0

10
15
20

25
30
35
40

43 (eutectic)

45
50
55
60
65

70
75
78.5
80
82

84
86
88
90
92

Saturation
Temperature,

C.

0
- 0.5
- 1.0
- 2.0
- 3.0

- 5.0
- 7.5
- 10.5
- 14.5
- 18.1

- 13.5
+ 1.5

20.0
35.0
46.5

54.0
58.5
60.0
70.0
87.0

100.0
110.0
118.0
160.0
167.0

Boiling
Point,

0C.

100.0
100.2
100.4
100.6
100.9

101.3
101.7
102.3
103.1
103.8

104.2
105, 4
106.8
110.3
113.8

118.2
120.0

i4o~o

120.0

178.0

Density, 25'C-, n25
G./Cu. Cm. D

0.997
1.040
1.086
1.137
1.191

1.252
1.319
1.393
1.477
1.540

1.571
1.671
1.785
1.91*
2.05

2.19
2.34
2.46
2.51
2.59

2.67
2.,(r6
2.86
2.96

1.3330
1.3372
1.3420
1.3474
1.3532

1.3597
1.3666
1.3744
1.3830
1.3886

1.3924
1.4025
1.4138

25 C.

7.0
2.5
2.3
2.0
1.9

1.7
1.5
1.2
0.9
0.7

- an

- -a

- -a

94 172.0

*)Above 56% (saturation), density
saturation temperature.

188.0 (with decomposition) -

and molarity are given at the

DECLASSIRED

HW-19140

0.0
0.132
0.276
0.433
0.604

o.794
1.004
1.237
1.499
1.680

1.794
2.120
2.491
2.91*
3.38

3.89
4.45
4.90
5.10
5.39

5.69
6.02
6.39
6.76

....



Table IV-.4

PHYSICAL PROPERTIES

U02( 3  -2 HN 3 .. tSYSTEM*

Source of Data: HW-18h06

Solution Composition,
Weight Per Cent

U02(-N3 2 Free 1llNO

50.7
61.9
64.1
69.4

73.3
79.9
80.9
86.o

86.5
86.5
86.7
88.4
88.9

14.97

8.18
5.19

5.69
.2.31

0.48

-0.10
o.36
0.23
0.36

-0.58

Density, G./Cu. Cm. at
Saturation Temperature

2.26

2.19
2.50
2.55
2.92

3*11
2.84
2.92
2.95
3.17

Viscosity,**
Centipises
100 RP 50 RPM

25

42

45

6o

18

30

33

Boiling
Point,

0i.

118
120

120

120

130
140

145
150
150
160
16o

Saturation
Temperature,

0C.

48.1
50.5
53.8

59.9
93.5
96.0

106.0

1o6.o
106.0
110.2

130

) These data were obtained from a study of RCU concentration.
**) Determined with a Brookfield Model RVF Viscometer, No. 1 spindle.

a

=1-n
0Y Es

t9

cr1P'
HH -

4V 0
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Table IV-5

SATURATION TEMPERATURE AND DKSITY

RAF SYSTEM

Source of Data: HW-17226

Composition, M

Bolt

0.35
0.33
0.26
0.34
0.30

0.32
0.31
0.29
1.07
O.18

0.15
0.18
o.o5
0.04
o.o

0.29
0.27
0.32
0.32
0.32

S014

0.26
0.26
0.26
o.26
0.26

0.28
0.28
0.33
0.35
0.19

0.15
0,18
0.22
0.18
0.20

o.64
0.27
0.26
0.26
0.25

Na+ Titratable
Acid*

3.7
3.5
3.7
5.5
5.2

4.8
5.1
4.9
4.o
2.6

2.2
2,6
2.4
2.1
2.4

4.7
3.6
3.5
5.2
5.2

0.26 0.29 0.31 4.01
0.20 0.23 0.23 2.7

1,8
2.3
1.3
1.3
1.8

2.2
1.9
2.7
3.5
6.3

8.5
5.9
6.8
8.4
6.3

2.5
3.2
14.4
2.2
3.5

3.51
4.13

NO3"

5.3
5.7
L.8
6.4
6.9

7.4
7.7
7.0
5.7
8.5

8.5
8.o
8.5
8.5
8.0

6.6
7.8

6.9

6.5
6.0

Saturation

Temperature,

0C.

0.5
2.0

-2.5
17
13

21
12
23.5
2.0

38

50
35
30
39
26

8
-3.0
20
17
34

16.7
-7.8

*) See Section A -of Chapter III for discussion of methods
of expressing acid concentration.

DECLASSIFED
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U02++

0.33
0.32
o.26
0.32
0.32

0.32
0.33
o.32
0.32
0.19

0.15
0.19
0.19
0.15
0.19

0.37
0.33
0.33
0.35
0.32

Density,

250c.

1.3332
1.3457
1.3077
1.3913
1.4065

1.4115
1.4149
1.4325
1.4oo6
1.4133

1.4347
1.3961
1.3973
1.3776
1.3776

1.4238
1.3729
1.4o82
1.4251
1.4731

1.3996
1.3269



1 W I..19140

Table IV.6

COMPOSITION OF RA COLUIIN AQUEOUS WASTE

Source of Data: W-18169, HW-18232, and

Run Books 3.00-29-RAU, 3.O0-30-RAU,

3.00-122-RAU, and 3.00-123-RAU

Run No,
Constituent TBP-41W No.4 TBP.HIa No.5 30(c) 123() 29(d) 122(d)

UN 0.4 7(a) 0.35 0.11 0.03 3.25 1.75
fl;

PO 17.0 12.8 20.64 31.8 29.6 30.7

SOL,' 20.5 15.5 5.27 16.7 26.19 29.5

N3(b) 276.0 209.0 386.3 305.0 365.8 358.4

Na 64.4 48.8 34.5 64.4 75.4 70.0

2.60 1.96 .. - -

(a) All concentrations given in grams per liter.

(b) NO3 represents total nitrate less that contained in the
indicated UliE concentration.

(c) These data are from runs in which the feed was simulated
sludge slurried in water.

(d) These data are from runs in which the feed was simulated,
evaporated supernate. For summaries of these runs see
&;-19170.(56)

DECLASSIRED
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Table IV.?7

PROPERTIES OF CONCENTRATED NEUTRALIZED RAIT*

FLOWSHEET TBP-JA! No. )! AND 5

Source of Data: HW-1640h, H%-21273,
See Figure IV-19

Volume Per Cent
Neutr. Heutr. Stored Saturation Specific Heat
m-4 HI..5 Uranium Temperature, Density, Viscosity,** Cal./(G.)(0 C.)
RA14 RAW Waste 0C. G.Al. 25. Centipoises 27. 39-0C

- 100 204 4 1.211(250C.) 11.8 -
100 7C 159 14 1.250(250c.) 11.8
97 62 127 18 1.35(2S0C,) 11.7 -
63 49 100 26 1.3t4430 00.) 11.2 20 0.76 0.74
57 44 90 29 l.365(400c.) 12.5 -- -

5 39 79 34 -- 12.6 30 - ---

47 - 37 74.5 36 1.403(420C.) 12.2 - - -

45 35 71 39 1.h0S(hoOc.) 12.2 35 0.87 0.74
44.6 31.7 70.7 60 1.470(65OC.) n.6 - - - DO
44 34 70 80 1.500(8100.) n.5 ..

The solutions were prepared to represent the approximate compositions corresponding to
concentration of flowsheet RAW wastes except for the omission of iron and uranium, a H
which are insoluble. The compositions did not include any contribution from the 41M 0
stream. Mole per cents on a water-free basis were: Na2SO4 , 4.70; Na3PO4 , 3.67; NaN03,91.63.-3

) Viscosity measured with a Brookfield Model RVF Viscometer using Spindle No. 1 at 100 RPM.
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Table IV-8

EFFECT OF COMPLEXING AGEifNS ON DECONTAMINATION

Feed: 0.2 M UNH, 3 M ENO , indicated complexing agent
Extractant: 12.5 volume per ceni TBP in CC14

Scrub: 3 M HNO3, indicated complexing agent

Feed/scrub/extractant volume ratio = 3/2/10

Complexing Agent

None
"F

0.1 M H PO- 1 3 4

0.1 M H 2S04

If

0.01 M (NH 4 )2 SiF671

Radio-
activity

Gross Beta
Zr
Ru

Gross Beta
Zr
Ru

Gross Beta
Zr
BU

Gross Beta
Zr
Ru

Source Pf Data: HW-18880

Distribution Ratio, E
Extraction

8.4
2.9
2,8

x
x
x

10-4
10 -

10~4

3.3 x 10-h
3.0 x 10-5
3.8 x 10-

7.1 x 104
5, 3 x 10-4
4.0 x 10

2.5 x
2.6 x
3.2 x

10
10-
10-4

1st Scrub

7.0 x
1.1 x
1.9 x

10-3
10-2
10-2

2.8 x 10-3
7.8 x 10-2
1.6 x 10-2

4,2 x 10-3
1.6 x 1- 2

4.0 x 10-3

5.0 x
5.2 x
1.3 x

10-3
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Figure I -

RATE OF HYDROLYSIS OF
IN 3M

EFFECT

BUTYL PHOSPHATES
NITRIC ACID
OF TEMPERATURE

SOURCE OF DATA: HW- 19959
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Figure =- 2

RILING RANGES OF DILUENTS
ASTM DISTILLATION

SOURCE OF DATA: HW-19065
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Figure W-3

VAPOR PRESSURE OF TBP AND DEOBASE
EFFECT OF TEMPERATURE

SOURCE OF DATA: NW-15172
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Figure 17- 4
DENSITY AND REFRACTIVE INDEX OF THE SYSTEM TBP-DILUENT

EFFECT OF TBP CONCENTRATION1
SOURCE OF DATA: HW-19065; F Clagett, Unpublished Data, March 1950
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Figure I-5
VISCOSITY Of RACOLUMN EXTRACTANT AND FEED

EFFECT OF TEMPERATURE
SOURCE OF DATA: R.F. Maness, Unpublished Data,. July 1950

RAF: Per Flowsheet TBP-HW No.4.
RAX: 12.5 Volume per cent TBP in Shell Deodorized Spray Base
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Figure &-6

EFFECT OF CONCENTRATION
SOURCE OF DATA; HW 19065; F. ClagettUnpublished Data,March 1950
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HW-19140

Figure E'- 7

DENSITY -WEIGHT PERCENT -M&LARITY CONVERSION
TBP- DEOBASE -URANYL NITRATE SYSTEM

SOURCE OF DATA:HW-17295;HW-17838
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DENSITY

Figue - DL HW-19140

Figure 2 - 8
OF RA COLUMN FEED AND EXTRACTANT

TBP-HW No. 4 FLOWSHEET
EFFECT OF TEMPERATURE
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SOURCE OF DATA: R.F Maness, Unpublished Data, July 1950
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VSCOSITY OF THE

EFFECT

DEGLAHW-19140
Fiyure .l-9

SYSTEM TSP-DILUENT-URANYL NiTRATE
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Figure .1-1O

SATURATION TEMPERATURES UQ(NR )2- HNO 3- H2O SYSTEM

SOURCE OF DATA: HW-8309
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HW-19140
Figure IV- II

BOILING POINT AND DENSITY

U0 2 (NO 3)2 -HNO 3 -H20 SYSTEM

SOURCE OF DATA: CL- 697, Chapterf.l
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Figure I7-12
VISCOSITY OF RA COLUMN FEED

EFFECT OF TEMPERATURE AND FLOWSHEET
SOURCE OF DATA:HW-18367; R.F.Maness, Unpublished Data, July 1950
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2.00 Solution Compositions:
I.RAF, TBP-HW No.3 Flowsheet.
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DECLASSE
Figure 11- 13

HYDROGEN ION CONCENTRATION

U0 2 (NO 3)2- HNO3-H 20 SYSTEM

HW-19140

SOURCE OF DATA: HW- 14559
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Figure HW-19140
SATURATION COMPOSITION OF RA COLUMN FEED

EFFECT OF ACID, SODIUM, AND URANIUM
CONCENTRATIONS

SOURCE OF DATA: HW-17226 and HW-18407
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DECLASSIRW DHW-19140
Figure 7-15A

SATURATION TEMPERATURES
EFFECT OF CONCENTRATION OF RCU AND ACIDIFIED SLURRY

SOURCE OF DATA:HW-15172

Initial Compositions
Acidified Slurry - 1000 ml.

U0 2(NO 3 )2 0.193 MLi 7- Na2 SO4  0.193SM
Na3PO4  0.175 M
NaNO 3  1.95 M
HNO 3  2.0 

50 RCU-975 mi. (Saturated withE 5 volume per cent rBP in
-, Deobase).
s U02(NO3) 2 0.26 M

- HNO 3  0.3 M RCU25 JJCU
Acidified Slurry

1000 900 800 700 600 500 400 300 200 100 0Volume of Residual Solution, MI.

Figure fl-15B
NITRIC ACID REMOVAL BY SOLUTION CONCENTRATION

UO 2(NO 3)2 - HNO 3- H20 SYSTEM

SOURCE OF DATA:HW-15172
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S - U02(NO3) 2 0.26 U
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Figure XV-16

SATURATION TEMPERATURES
U4(NO,) 2 -HNO 3 - NaNO3- H20 SYSTEM

SOURCE OF DATA. M.H.Curtis, Unpublished Data, July I950
50 p 5.0 1 HNO

4.0_M HN0 -

.25 --

Al solutions iare 4 M in NO3

Solid Phase in Equilibrium:
- and IM HNO-- Ice.
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Figure 1Z-17

SPECIFIC HEATS OF AQUEOUS PROCESS SOLUTIONS
SOURCE OF DATA: Unpublished Data, C.M Slansky, October 1948; I C.T
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AQUEOUS

Figure I 18

URANIUM MOLARITY-WEIGHT PER CENT CONVERSION
SOURCE OF DATA: HW- 11276; CL- 697, Chapter IL
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SATURATION
Figure IE-19

TEMPERATURES AND COMPOSITIONS
TBP-HW No.4 AND 5 NEUTRALIZED RAW
EFFECT OF DEGREE OF CONCENTRATION

SOURCE OF DATA: HW-18404
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DESRED
HW -19140

Figure WZ-20A

URANIUM DISTRIBUTION
RA COLUMN SYSTEM

EFFECT OF URANIUM CONCENTRATION
SOURCE OF DATA: HW-19696
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Numerals beside the points represent the HNO 3
concentration in the aqueous phase in g/i,

Oato from batch coontercurrent run approximating TBP
- HW- No. 4 Flowsheet.

Food:0.287M U0 2 1N0 3 )2 O31M Poo, 029_M so;, 171.1 crub
6.24 M NOj , 2.75 M H+, 4.42 M N175.6 Section

- Scrub: 2.75 M HNO 3  152 17
RAX : 15 Volume per cent TBP in Deobase
Vol. ratlo : scrub / fed / extractont - 1/2 /3.5

LJ 162.5

10
Phase, Moles/Liter

Figure r-20 B

URANIUM DISTRIBUTION
RA SCRUB SYSTEM

EFFECT OF DEGREE OF SOLVENT SATURATION
SOURCE OF DATA :ORNL- 260
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FHgureI-21A W-19140
URANIUM DISTRIBUTIO N
RA COLUMN SYSTEM

EFFECT OF HNO 3 CONCENTRATION
SULFATE AND PHOSPHATE PARAMETERS

SOURCE OF DATA:ORNL- 260

i
Conce

-- 44

Aqueous Phase: 0.12 M UO(NO3)2, inS
coted omounts of HNO
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igureS-21B
URANIUM DISTRIBUTION
RA COLUMN SYSTEM

EFFECT OF HNO 3 CONCENTRATION
URANIUM AND TBP PARAMETERS

SOURCE OF DATA: HW-17339
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URANIUM DISTRIBUTION
RA COLUMN SYSTEM

EFFECT OF PHOSPHATE CONCENTRATION
SOURCE OF DATA: HW-17339
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DECLASSIED
Flgure C-23

URANIUM DISTRIBUTION
EFFECT OF TEMPERATURE

SOURCE OF Dt TA: Hw-18860
Aqueous Molartt.

u jrve No. U 02 .N03) 2 HNO
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Figure I-24 A

RA COLUMN PHASE EQUILIBRIUM
CHART FOR DETERMINATION OF K

SOURCE OF DATA HW-17747

0.4 0.6
(SQ + 3 P04),

0.8 1.0
Moles /Liter

HW-19140

1.2 1.4

Directions for use:
1. Deteraine K1 'rnm 4icure I7-21A ntcrmolatinr for correct 'UP on,,ntration.
2. Deternine K:, from utnure 2-21): intcrrolatini for correct MaULf,, *onntaration.

A'strve the tollovir compound: In zolution: -a-,, 00(C,.j 1. ' ,1,21
and "Cree" Mth. (If the acidity .s reported as "titratablo acid", the free'
i3Oi [ay to calculated by zub t ractin, twice the sulfate and twice il phosphate
aolaritics from the total titratable acid molarity, the third !!P)j, hydrogen
lbinf aocumed to be undissociated in the titration.)

3. -alculate 1/2 Cron K'K2 . 11/
i. Use this value of V.1/2 to intcrpolatc the proper iraniu phaso oqudlilrium curvc

rn ir7ure 1"-2%, 26, or 27.

Figure 2- 24 8
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DECLASSIIED HW-19140

Fkjure Z -25
RA COLUMN PHASE EQUILIBRIUM DIAGRAM

10 VOLUME PER CENT TBP IN DILUENT
SOURCE OF DATA HW-17747
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Figure IE-26
RA COLUMN PHASE EQUILIBRIUM DIAGRAM
12.5 VOLUME PER CENT TBP IN DILUENT

SOURCE OF DATA: HW- 17747
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L4%7ftc0  HW-19140

Figure IV-27

R.A COLUMN PHASE EQUILIBRIUM DIAGRAM
15 VOLUME PER CENT TBP IN DILUENT

SOURCE OF DATA: HW- 17747

ID1 - --

aa_
9I --

0

0

60 z -- H--

- uri'es fret t h i

4C~~~ ----j j4/ i is i id 0M 2 ~ r T

30 st r .

-- - -heT 1edoizadiSp y sq was uied

20 -- ......

0
0 10 20 30 40 50 60 70 80 90 100

X Grams UNH Per Liter of Aqueous Phase

DECLASSIIE



DECLASSIRED
H W-19140

Figure Ty- 28
URANIUM DISTRIBUTION
RC COLUMN SYSTEM

EFFECT OF URANIUM CONCENTRATION
SOURCE OF DATA: HW- 17179
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7- 1 Figure 17-29
RC COLUMN PHASE-EQUILIBRIUM DIAGRAM
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Figure IZ -30
5- RC COLUMN PHASE
4- EQUILIBRIUM DIAGRAM
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Figure I-3l
5- RC COLUMN PHASE
4 EQUILIBRIUM DIAGRAM

15 VOLUME PERCENT
TBP IN DILUENT
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Figure WZ-32
PLUTONIUM DISTRIBUTION

EFFECT OF HNO 3 CONCENTRATION
& OXIDATION STATE

SOURCE OF DATA: ORNL-557
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Figure IZ-33

PLUTONIUM (17) DISTRIBUTION

EFFECT OF DEGREE OF URANIUM SATURATION

SOURCE OF DATA: ORNL-717
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ZIRCONIUM. RUTHENIUM AND GROSS FISSION -PRODUCT DISTRIBUTION
EFFECT OF PER CENT URANIUM SATURATION OF TBP

SOURCE OFDATA: ORNL-936
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HW-:9140

GROSS BETA AND GAMMA - EMITTING FISSION - PRODUCT DISTRIBUTION
EFFECT OF URANIUM AND HNO3 CONCENTRATION

SOURCE OF DATA: ANL-4530
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Figure SZ - 36
FISSION- PRODUCT DISTRIBUTION

EFFECT OF TBP AND HNO 3 CONCENTRATION
SOURCE OF DATA: ANL 4530
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Figure IW-37
HN03 DISTRIBUTION

RA COLUMN SYSTEM
EFFECT OF HNO 3 CONCENTRATION

SOURCE OF DATA: H W- 17339
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Figure I- 38
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PART II: PROCESS, continued
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CODTETS

A. BASIC PRINCIPLIES ............................ ..... ..........

1. Introduction .......................................
2. Solvent-Extraction Equipment ........................

2.1 General .......................................
2.2 Pulse colums .................................

3. Special Terms ......................................
3.1 Extraction, stripping, scrubbing ...............
3.2 Pulse amplitude and frequency ..................
3.3 Simple end dual-purpose columns ................
3.4 Flooding .......................................
3.5 Reflun (external and internal) .................
3.6 Equilibrium and operating lines ................
3.7 Height equivalent to a theoretical stage --

(H.E.T.S.) .. .. - ---....... ....................
3.8 Height of a transfer unit -- (H.T.U.) ..........
3.9 Relation betweeniH.T.U. and H.E.T.S. ...........

B. THE OPERATING DIAGRAM; H.E.T.S. AIM H.T.U. CALCUIATIONS .......

1. Intzoduction ..............................................
2. Operating Line Equations .................................
3. Examvle H.E.T.S. and H.T.U. Calculations ..................

3.1 Example H.E.T.S. calculation -- RA extraction
section ............................................

3.2 Example H.T.U. calculation -- RA extraction sectIon
3.3 Example E.E.T.S. calculation -- RC Column ............
3.4 Example H.T.U. calculation -- RC Column ..............

C. VARIABLES AFFECTInG COLUM EMTRACTION PCFMANC2 AND FIOODDTG
CAPACITY ......................................................

1. Introduction ..............................................
2. The Three Types of Pulse-Column Operation .................
3. Effects of Operating Variables on Extraction and

Capacity .................................................
3.1 Effect of pulse frequency ............................
3.2 Effect of volume velocity ............................
3.3 Effect of alternative flowsheets .....................
3.4 Effect of aqueous-to-organic flow ratio ..............
3.5 Effect of physical properties .......................
3.6 Effect of diluent ....................................
3.7 Effect of column temperature .........................

......

......

......

......

......

......

......

......

......

......

......

DECLASSIFED

cm

Page

503

503
503
503
503
504
504
505
505
505
506
506

506
507
509

510

510
510
511

511
512
513
514

516

516
517

518
518
520
521
521
521
523
523

"as



COM

nfl a

MITSDECLASIED-
EftS V

4. Effects of Design Variables on kxtraction and Capacity ....

D. DECONTAMINATION OF URANIUM FC FISSION PRODUCTS AND PLUTONIUM ..

1. Introduction ................................... ............
2. Design Basis for Decontamination ............................
3. Mass Transfer (Scrubbing) of Fission Products and Plutonium

3.1 D.F. as a function of the distribution ratio and the
number of scrub stages or transfer- units ...............

3.2 The "irreversible" extraction of some fission products
4. laboratory and Pilot-Plant Decontamination Performance......

4.1 laboratory batch studies ............................
4.2 Pilot-plant studies .......... ......................

5. Development of the RA Column Scrub-Section "Packed" Height

r. LOCATION Am USE OF ElTfACTION COIfmw STATIC AIM DIFFERENTIAL
PRESSURE INSTEUUMTS .... . ...................................

1- Function of Pressure Instruments ............................
2. Location of Dip Tubes ........................................
3. Effect of Flow Rate on Column Apparent Density .............
4. Detection of Flooding ................ ....................
5. Effect of Uranium Losses on Organic Effluent Density ........

F. SPECIAL PROBLEMS ................................................

3.
2.
3.

"Inextractable" Uranium ...
Emulsification ............
"Red Oil" .. ...............

. ....

* ...

REFERENCES

Page

523

525

525
526
527

528
529
530
530
531
534

535

535
536
536
537
537

537

537
538
539

540

DECLASSIED

LOm
C
r

cn

. .. . ... .. .

.. . .. .. .. .

NMI



503

CHAPTER V. PROCESS ENGINESIRG (SOLVENIMT.ACTIf)

A. BASIC PRINCIpIES

1. Introduction

Handb lt-extraction operations are defined in the Chemical Tngineers'as -those in which separation of mixtures of different sub-stances is accomplished by treatment with a selective liquid solvent".Although solvent-extraction operations may include leaching and washingof solids, the term as employed in this muual refers to liquid-liquidextraction. In liquid-liquid extraction the mixture treated is liquidand the two phases or layers resulting from the solvent treatment are bothliquids- In the TBP-process BA Column, for example, uranyl nitrate dis-solved in an. aqueous phase is selectively extracted into an organic phasewhen the two li-quids are brought into contact. The effectiveness of theextraction is dependent on the chemical composition and physical proper-ties of the two phases as well as the type of extraction equipment.

2. Solvent-Ertraction Equipment

2.1 General

The physical construct 9f Ugu-d-liquid extraction equipment myassume many different forms. (1 U)9) However, an extraction processci sists of three operations, as follows: (n) mixing and bringing themterial to be extracted into intimte contact with the solvent, (b) allow-ing the solute to diffuse, and (c) seperating the resulting phases or lay-ers. In addition, equipment is usually provided to recover and purify thesolvent. The contact in the extraction equipment may be either of a stage-vise or of a differential nature. In a stage-wij systam, the two phases
are intimately contacted,, causing the transfer of solute to the solventphase to reach or at least approach equilibrium. The two phases are thenseparated and the process is repeated with fresh solvent. Each stage-wise contact which attains equilibrium is called a theoretical stage. Indifferential operation, a large number of short contacts between the solute.rich feed phase and the only sparingly miscible solvent phase is achievedby subdividing one phase and passing it countercurrently through the other,continuous phase. Settling or disengaging tones are provided to separatethe phases after the required extent of countercurrent contact. Amongthe many types of equipment available, those which have been investigated.for uranim and plutonium recovery systems arc (a) the multiple-.esselmixer-settler, (b) the S.O.D. (Standard Oil Development) mixer-settler,(c) the pump mixer-settler (Separations Process Research Unit type), (d)the horizontal, extractor, (a) packed columns, and (f) pulse columns. Amore complete description of solvent-extraction equipment and a dis-cussion.of the advantages and disedvptoges of the sey 4 may be found inthe Radar Technical Maniffl?1-M and. eladithere.'MOOT

2.2 Pulae colmUM

In e pulse colzun, the liquid contents of the column are pulsed up
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and down through a series of spyced horizontal perforated plates. This
pulsing movement is superimposed on the not countercurrent flow. The
upward and downward pulsing movement of the column contents through the
plate perforations causes the perforated plates to provide agitation re-
sulting in more or less intimate mixing of the two countercurrently flow-

ing phases. The functioning of pulse columns under various conditions of
flow rate and pulse frequency and amplitude is described in more detail in
Subsection C2, below..

The pulsing operation also performs another important an& necessary
function in that it provides- the means for countercurrent flow of the
aqueous and organic phases. Experience indicates that the specific- gravity
difference between. the two phases is usually not sufficient to cause an
appreciable countercurrent flow through the small holes in the perforated
plates. Consequently, the net flow of the lighter phase up and the heav-
ier phase down the column is caused almost entirely by the actions of the

0_1 pulse generator and stream pumps.
C=3

Based. on identical qtXaction duty, pulse columns have the advantage
that they are ahorter(7) 16 than packed columns and the disadvantage that
they are mechanically more complex and therefore would be expected to re-
quire more maintenance.

Pulse columns have been selected as the solvent-extraction contactors
for the Uranium Recovery Plant primarily because they could be fitted into
the short cells in the TBP Plant Building (221-U). The height requirement
for packed columns would have necessitated up to 35-ft. deep excavations
to be made in four of the existing 221-U Building cells. It was realized
that these excavations would be costly and might prove structurally haz-
ardous.

The over-all heights of packed and pulse BA and BC Columns required
for equally good performance are compared below:

Extraction Column Total Height, Ft.

Column Packed Pulse

BA 50 21

BC 38 17

3. Special Terms

The terms defined in this subsection are those frequently used in

discussing the operation or evaluating the performance of solvent-extrac-

tion columns. Examples, including colloquial terms which have come into
use for the TBP process, are included in the following discussion.

3.1 Extraction, stripping, scrubbing

In connection with solvent-extraction in the TBP process, the term

extraction is used to describe mass transfer, notably of uranium, from

~Vo
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the aqueous to the organic phase, as in the lower section of the HA Column.(See the chemical flowsheet in Chapter I.)

The- term stripping is used to describe mass transfer of uranium fromthe organic to the aqueous phase. Thus, in the BC Column uranium is saidto be stripped from the organic feed to the aqueous effluent stream.

The removal of fission products from a uranium-bearing organic streamby contacting it with an aqueous stream is referred to as scrubbing Thus,in the TBP process scrubbing is carried out in the upper plate section ofthe RA Colum, above the RAP feed point.

3.2 Pulse amplitude and frequency

The term pulse amplitude is used to define the magnitude of the up-4Y and-down motion of the pulse column liquid contents. Amplitude as usedin this manual is defined as the distance between extreme positions thatwould be reached by the liquid during each pulse cycle if there were nonet flow through the column. (The amplitude defined in this manner istwice the distance between one extreme position and the mean position.)

The pUse frequency is the time rate of pulsing. It is usually ex-pressed in cycles per minute.

3.3 Simple and dual-purpose columns

As the name implies, a simple column is designed to carry out asingle solvent-extraction function (either extraction, or stripping, orscrubbing). The TBP-process BC Column is a simple column performing onlyuranium stripping. The RA Column is designed to carry out- two separatesolvent-extraction functions and is therefore referred to as a dual-purposeor compound column. In the lower portion of the RA Column, uranium andsome fission products are extracted, while in the upper section fissionproducts are scrubbed from the organic phase.

3.4 Flooding

Flooding (or complete flooding) in a liquid-liquid extraction pulsecolumn designates a typical behavior of the two liquid phases when flowrates are so high that the two phases cannot pass coLntercurrently andthe dispersed phase leaves through the continuous-phase exit line at thedispersed-phase entry end of the column. Flooding also occurs if thecontinuous phase leaves the column through the exit line intended for thedispersed phase (e.g., RAS accompanies the RAU in the TBP-process HAColumn). The flooding ca city is the throughput level (i.e., flow rates)at which an infinItesimal increase in flow rates results in flooding.

Local flooding in the column consists in en unusually large accumula-tion of dispersed phase at some location in the two-phase zone. It mayappear as an accumulation of closely-packed dispersed-phase globules oras a single large globule filling the space between two or more plates.If a local flood maintains a given size (i.e., the increased effective"head" of the dispersed phase is sufficient to cause the dispersed phase
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to flow from the local-flood zone at a rate equal to the dispersed-phase
flow rate entering the zone), the column may be operated indefinitely and
give satisfactory performance as an extraction unit.

Cyclic local flooding consists in the formation and dissipation of
loca floods on a faitly frequent schedule.

3.5 Reflux (external and internal)

In solvent-extraction, as in other diffufional processes, external
reflu may be returned to the solvent-extraction coln to enrich the
extract concentration. For example, the TBP-process RAU stream could be
increased in uranium concentration by using a concentrated aqueous uranium
solution in place of an aqueous-nitric acid mixture for the RAS stream.

In a dual-purpose column a portion of the solute may be extracted in
one part of a column and stripped in the other. This phenomenon is referred
to as internal reflux. For example,. in the upper section of the RA Column
a portion of the uranium in the organic, phase is refluxed internally, some
uranium being stripped from the organic phase by the PAS and carried back
down the column where it is again extracted.

3.6 !quilibrium and operating lines

As used in this manual, equilibrium lines, refer to graphical repre-
sentations of the equilibrium solute distribution between the phases for
the chemical conditions expected in the countercurrent solvent-extraction
tontactors. Phase equilibrium lines for all the TBP columns have been
determined fromi either simple batch or countercurrent batch laboratory
studies conducted to approximate closely the chemical conditions expected
in the extraction columns. These studies are discussed in Chapter IV.

An orai line in a locus of points depicting the actual solute
concentratons f the aqueous and organic phases at various heights within
the column. The operating-line equation is developed from a solute material
balance made around either end of a packed or plate section. Typical oper-
ating and equilibrium lines and a discussion of their use in evaluating
column performance are presented in Section B of this chapter.

3.7 Height equivalent to a theoretical stag -- (H.E.T.S.)

The mass-transfer effectiveness of solvent-extraction columns may
be evaluated in tors of the height of contractor which is required to
perform the sane extraction as a single theoretical stage. A theoretical
stage is achieved in a column when two influent streams (not at equilif-
briun), entering a section of the column, nix and produce effluent streams
which are in equilibrium with one another. For solvent-extraction columns
containing several theoretical stages the H.E.T.S. may be obtained by
dividing the height of the contacting section by the number of theoretical
stages required to accomplish the same extraction being carried out by
the column.
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Although the number of theoretical stages is generally obtained forthe TBP-process columns by the graphical or semi-graphical methods dis-

cussed in Subsection 33 of this chapter, when the operating and equili-
brium lines are bath straight the number of stages (1s) may be calculatedfrom th ollowing equation which is similar to a form presented byColburn9 2~

lo r-) M + PI
log ( ) .-.....................-- ()

where P W the extraction factor, L/mV for extraction and mV/L forstripping:

It =slope of the operating line, (volume of aqueous phaseper unit time)/(volume of organic phase per unit time);
m M slope of the equilibrium line, (concentrationg./l., ithe organic phase)/(concentrationg./., in the aqueousphase);

X = X2 for extraction and Y /Y, for stripping -- (if theextractant contains solute, tie values of M become

eractiof ana stpeclp2 - xt) for

X = the solute aqueous-phase concentrttion, g./l. -- subscript1 designates inlet (feed) concentration, subscript Pdesignates raffinate concentration, and subscript x de-sitgnates extractant concentration;

Y = the solute organic-phase concentration, g./l. -- subscript1 designates the organic feed concentration, subscript 2designEtes the organic effluent concentration, subscriptx designates the organic extractant concentration.

For the Phase-equilibrjum relattions hins inovdi h I rcs(see Figs. -1 and V-2) the equilibrihm l anvol -edi the T P rocess
the slope is not constant and the value of P varies. However, a closeapprozition Of the number of stages may be obtained from the aboveequation by using an appropriate mean value for the slope of the equili-brium line.

3.8 Height of a transfer unit -- (F.TU.)

he H.T.U. (height of a transfer unit), like the H.E.T.S. definedabove, is a measure- of the mass-transfer effectireness of E solvent-extraction coltam. As corpa'ed. with the UZ.T.S., it has certain
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correlation advantages, notably in that in TBP-proCesS systems as in Redox

process systems, it ia less sensitive to variations in the numerical value

of the extraction factor P.

The number of transfer units in the perforated plate sections of TBP-

process columns may be expressed by the integrals:

No. i 1IdX (2)

or

N00  )Y Y1 r r

_r where Now the number of "over-all water-film" transfer units for

transfer from the aqueous to the organic phase;

N - the number of "over-all organic-film" transfer units for

transfer from the organic to the aqueous phase;

X - the concentration of the diffusing component in the aqueous

phase;

r* - the concentration of the diffusing component in the aqueous

phase in equilibrium with an organic phase of composition Y;

Y M the concentration of the diffusing component in the organic
phase;

* a the concentration of the diffusing component in the organic

phase in equilibrium with an aqueous phase of composition X.

Thus, the number of transfer units is an integrated ratio of the change to

diffusing-component concentration to the concentration driving force which

causes the transfer between phases.

The H.T.U. (height of a transfer unit) is calculated by dividing the

paceld height by the number of transfer units calculated from one of the

above integrals.

When the equilibrium and operating lines are both straight, the
number of transfer units (Nt) may be calculated from the following equa-
tion, developed by Colburn:

Nt - 2.3 log F(1-P) M + P, ................ (4)

If the extraction values for M and P given under 3.7, above, are substituted
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in the above equation, tNt becomes Now. Sinilarly, if stripping valuesare substituted for M and P, Nt becomes Koo. The equation is not rigorousunless the operating and equilibrium lines are both straight (constant p)..However, approximate Nt values may be obtained by using an appropriatemean value of P.

The "over-all" number of transfer units, Now and N 0 0, include contri-but ions of both the individual aqueous and organic-f urn number of transferunits which are related by the following equations:

1/Now = ilw + (L/mV) 1/o ..................(5)

1NOO = 1/Wo + (mV/L) 1N ............... -(6)
where Nw is the number of transfer units required for transfer acrossthe aqueous film and No is the number of transfer units required for_- transfer across the organic film. It is seen from these equations thatif the individualfilm transfer-unit values ere largely independent ofP, as is often believed to be the case, the over-all values will be like-wise independent whenever the terms (L/mV)l/NO and (mV/L)1/N in Equations(5) and (6), respectively, are negligible, viz., when P (i.e., L/mV forEquation (5) or mV/L for Equation (6)) is less then about 0.1. As P in-creases from 0.1 to 1, the terms (fI/nV)14r0, and (mvfr)l/Ir become in-creasingly significant, so that more significant variation of over-alltransfer-unit values with P might be expected in this region.

3.9 Relation between H.T.U. and H.E.T.S.

By combining the integrated expressions for Nt (number of transferunits) and Ns (number of theoretical stages) presented under A3.7 and3.8, above, it is found that the H.E.T.S. and H.T.U. are theoreticallyrelated by the equation below, which is rigorously correct only forstraight operating and equilibrium lines:

H.E.T.S. -2.3 10 P
H.TU. "=.

where the extraction factor P is, as explained under A3.7, the slope ofthe operating line divided by the slope of the equilibrium line for ex-traction operations and the reciprocal for stripping operations. Foroperating and equilibrium lines which are both straight and parallel,the value of P is unity and, although the above equation reduces to an in-determinate form, it mny be demonstrated that the H.E.T.S. equals theH.T.U. As the relative slopes of the operating and equilibrium lines arechanged so that these lines diverge more and more, the numerical value ofP becomes progressively smaller than unity and the H.E.T.S. becomes pro-gressively larger than the H.T.t. For curved operating and/or equilibriumlines, the equation applies as an approximation provided appropriate meanvalues of the slopes of those lines are chosen.
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B. TE OPERATING DIAGRAM (H.E.T.S. AND H.T.U. CAICUIATIONS)

1, Introduction

The purpose of this section is to discuss the calculation procedures

and operating diagrams used in evaluating the solvent-extraction perform-

ance of the BA and PC Columns. Examples of H.E.T.S. and E.T.U. calcula-

tions are given in Subsection B3. A sumowry of the expected H.T.U. values

for the plant BA and BC Columns under TBP-W No. 4 and No. 5 Flowsheet

conditions is given in Subsection C3.

The operating diagrams discussed in this chapter are I-T plots (some-

what similar to the McCabe-Thiele diagram used in distillation) with X

and Y axis values depicting aqueous end organic phase concentrations,

respectively. Each of the diagrams includes an X-Y equilibrium line for

the diffusing uranium (see the equilibrium data in Chapter IV and HW-17747)

and an operating line derived from a material balance around the column.

The operating diagrams are used for calculating the number of equivalent

theoretical stages and/or the number of transfer units required for the

desired extraction.

From the operating diagram, quantitative or qualitative analysis may

be made of the effects which changing operating variables have on the ex-

traction efficiency of the separation. On Figures V-1 and V-2 parameters

which show the effect of nitrate ion concentration upon phase equilibrium

are included.

2. Operating Line Equations

The units used for constructing the BA and BC Column operating dia-

grams were chosen as grams of UNE (uranyl nitrate hexahydrote) per liter

of solution. By neglecting the change in the volume of solution flowing

(L and V) due to the slight mutual solubility of the organic and water

phases and the transfer of uranyl nitrate and MtO3, a material balance

around the bottom end of the column produces a straight operating line,

represented by the equation below, employing the usual nomenclature

(defined in Table V-1).

L(X - xe) - V(x - ) -.............. (7)

or
Y (L/V)X +. - (L/) .............. (8)

A similar balance may be mde around the scrub section (top) of the

BA Column and leads to the equation

Y = (L/)X + Tu - (L/V)X . . . . . . . . . . . . . (9)

The operating line for the BC Column is developed in an analogous

manner by a material balance around the top of the column, yielding the

equation:

Y = (tL/v)X + y - (L/V)X .. . . . .. ... .. (10)
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The use of the operating lines presented above is illustrated inSubsection B3 and Figures V-1 and V-2. For a derivation of the operatingline equation reference is ade to Chapter V of the Redox Technical1'hnual. (14)

3. Example H.E.T.S. and H.T.U. Calculations

3.1 Example H.E.T.S. calculation -- RA extraction section

Outlined below is an evaluation of the uranium mass transfer per-formance of the extraction section of a TBP RA Column as indicated by agraphical stage step-off computation of H. .S. A discussion of thetheory of the- method my be found in Perry U. In this example the columnis operating under conditions approximating those shown on the TBP-BW No.4 Flowsheet, presented in Chapter I.
Wi

The following data were obtained during the steady-state period ofa typical pilot-plant run, 16"-17-aAU, in a 16-inch-diameter column witha 12.1-foot-high perforated-plate section.

Volume, UM Concentration,
Stream Liters G./L.

AF4650 134.5
RAS 2,910 0PAX 11,750 0.045
RAU n86o 53.9
RAW 7,700 o.16

Substituting these, data in Equations (8) and (9) presented in Subsection 32leads to the followxng operating line equations:

For the Scrub'Section: Y = 0.245x + 53.9 .............. (11)
For the Extraction Section: Y a 0.655X - 0.1003 ............. (12)

These equations are graphically presented on Figure V-1 togetherwith the appropriate equilibrium line, selected in accordance with theuranium masa-transfer equilibrium information in Chapter IV.
Before the number of stages in the extraction section can be calcu-lated, the composition of the aqueous and organic phases at the top ofthis section must be determined. It should be recalled that because ofthe mechanical construction of the BA Column, which is a dual-purposecolumn, the organic effluent from the extraction section is the influentto the scrub section and the aqueous effluent from the scrub section mixedwith the PA' (feed) is the influent to the extraction section. For coloulation purposes it has been assumed that sufficient stages are present inthe scrub section so that the organic and aqueous phases at the bottom ofthe scrub section are in equlibrium, i.e., the organic phase compositionat the bottom of the scrub section (or top of the extraction section) is
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found at the intersection of the scrub section operating and equilibriin
lines. After the organic composition is determined, the stage step-off
procedure can either start or terminate at this value of Y. In Figure V-1,
the step-off is started at the waste composition, Xv (0.16 g./l.), using
the RAW total NX0 concentration to determine the correct equilibrium line.
The EN0 3 concentration in the organic stream leaving the bottom stage is
assumed to be negligibly small. (Experimental calculations have indicated
that the total number of stages is relatively independent of this. value.)
It may be noted that a total of 3.21 stages are needed, yielding an H.E.T.S.
value of 12.1/3.21 = 3.8 feet.

3.2 Example H.T.U. calculation -- BA extraction section

The operating and equilibrium lines developed and shown in Figure V-1
for the above E.E.T.S. calculation (Tun 16"-17-RAU) will be used for the
following E.T.U. example calculation.

The number of transfer units ("over-all aqueous-film" basis) in the
BA Coltun my be obtained by utilzing the expression

N ................. (13)

If both the operating and equilibrium lines are straight, analytical in-
tegration leads to the expression

N on1(l-P) ~ + P ---...... (14)
I1- j X2 -Yx/zJ

(See Table V-1, for nomenclature.)

Since the UNE equilibrium line (Fig. V-1) has considerable curvature
at the concentrated end when plotted on linear coordinates, it would be
difficult to determine an appropriate mean value for the extraction factor,
P, to be used in Colburn's equation. Therefore, the calculation is broln
into two parts with the number of transfer units in the concentrated region,
from X = 2.5 g. Ul/., to X = 89.8 g. UN/., calculated by graphical
integration of Equation (13) and the number. af transfer units in the dilute
region, from X = 0.16 g./l. to X - 2.5 g./l. calculated by Colburn's equa-
tion (Equation 14).

(a) Concentrated-region transfer units by graphical integration In
graphically integrating Equation(13), values of and XI are obtained by
drawing constant Y lines on the operating diagram (Fig. V-1) and ;eading
X and X* values at the intersections of the constant Y lines with the
operating and equilibrium lines, respectively. These data are tabulated
below.

DECLASSIFED



- ' Zr - -~r~"--'-- ~ .~ .vr$rrr~w,-.-~--Vr.~~ -.

513 DECLASSI8
x

2.5
3.5
4.5

8.5
12.5
16.5
24.5
32.5
48.5
64.5

89.8

MMa

0.4347
0.3125
0.2439
0.1667
o.a266
0.0870
0.0662
0.0453
0.0348
0.0243
0.0192
0.0120
0.0144

The graphical integration may be performed by plottIng 1/(x - susX and finding the area under the curve by conventional methods lasus
such as counting squares. For this particular example,

89.8 80'.8
Now 

/ .
d .xr Yf 4.o4

(b) Dilute region transfer units b Colburn's eguation Equation
ie region transfer-unit calculations:

Now o.16

NOW = 2.3 log - OM) +1-P P;- /m

I-~*(1-00818) Ig 0.0~G2\+ 0.08187!
-0-blI L"17 1 -0-r 29

(a) t.T.U. The total number of tramfer units in the BA Column ex-traction secton is found by addition of the result obtained under (a) and(b), above:

-89.8
Now - Now I

-1 2.5
+ Now

Jo.16
= 4.04 + 2.90 - 6.94

The H.TJT. is obtained by dividing the 12.1-ft. pei'forated-plate sectionheight by the number of transfer units:

H.T.U. = 12.1/6.94 - 1.75 feet.

3.3 Mlanle H.E.T.S. calculation -- PC Column

Outlined below is the graphical stage step-off H.E.T.S. method usedf or evaluating the uranium stripping performance of the packed section ofa TB? PC Column operating at conditions closely approximating HW No. 4
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Flowsheet conditions. The following data were obtained during the steady-
state period of a typical pilot-plant run, 16"-18-RCU, made in a 16 -inch-
diameter column with a 12.1-ft.-high perforated-plate section.

Volume, UNE Concentration,
Stream Liters G./I.

Rcr 7690 50.2
RCX 8050 0.0030
RCU 8210 48.2

RCW 7440 0.23

The X and Y values used on the uranium operating diagram (Fig. V-3) are
expressed as g.Urm/liter of solution. These units were selected so that
a straight operating line (Equation (10), Subsection B2) results. Sub-
stituting the above data in Equation (10) leads to the expression

Y = 1.082 X + 0.227

This operating line is plotted on Figure V-0 with the anpropriate
equilibrium line determined by the concentration of EX03 present. The
variation of HNo3 concentration as the aqueous stream flows through the
column affects the uranium equilibrium value for each stage. Investige-
tions of fN0 3 acid transfer indicate that about 90 per cent of the ENO 3
introduced in the organic feed (RCF) to the column is transferred in the
first theoretical ttage. The remaining 10 per cent is assumed to be
transferred in the second stage.

Based on these premises, the stage step-off is started at Yf = 50.2,
Xu = 48.2, using the equilibrium line corresponding to the aqueous con-
centration of 8.43 g./l. For the second stage, the equilibrium line
corresponding to a nitric acid concentration of 10 per cent of this value
(0.843 g./1.) is used. Since 2.03 extraction stages have been stepped
off on Figure V-2 and the extraction section height is 12.1 feet, the
H.E.T.S. is 12.1/2.03 = 6.0 feet. (The equilibrium line corresponding to
no nitric acid in the aqueous phase was extrapolated in estimating the
fractional stage.)

3.4 Example E.T.U. calcuation -- RC Colum

The number of uranium transfer units ("over-ell organic-filn" basis)
in the RC Coluan may be obtained by using a suitable method for inte-
grating the basic equation

Noo Y dY

discussed under A3.8, above.
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In determining the number of uranium transfer units obtained in thecolumn for Run 1". 17-RCU, the equilibru and operating lines developedunder B3.3 above, and plotted on Figure V-2 are used.

Since the dJJ equilibrium line (Figure V-2) has considerable curvatureat the concentrated end when plotted on arithmetic coordinates, it wouldbe difficult to determine an appropriate value for the extraction factor,, to be used in Colburn's equation. Therefore, the calculation is broken
into tvo parts, with the number of transfer units in the concentratedregion (Y = 6 to 50.2 g.UNR/1.) calculated by graphical integrationendthe number of transfer units from Y = 0.23 g1- to Y g-/1. calculatedby classical integration.

(a) Cofcentra tea -region transfer units by mehical. itegrtion Inevaluatig thetintegral

150.2 /50.2

vues Yand are from Figure V-2 at the intersection of appro-
priate constant X lines with the operating and equiibrium lines, respec -tively. These data are tabulated below.

YT* 1/(Y -y*)
6 0.02 0.16728 0.05 0.125810 0.09 0.100915 0.30 0.68o20 0.75 0.051925 1.50 O.042530 2.50 0.03654o 6.6o 0.029950 14.o 0.027850.2 15.0 0.0284

The graphical integtion may be performed by plotting 1/(Y - B* sus
Y and finding the area under the curve by conventional methoas(5 m (1/suchas counting squares. For this particular example.

150.2 )0.2 dY
O= 2.22-6

(b) lut Ion ransfer itsca integt For smallervalues of Y7Y = 0.23 to t lue of Y becomes negligible in compari...son with Y. Thus,

Noo 0 ~ 3 .5
j0.23 . 0.23 Jo=in 23 -

DECLASSIFIED



516 DECLSgIfl o
(c) H.T.U.

Total No0 = 2.27 + 3.25 = 5-52

The H.T.U. is therefore 12.1/5.52 = 2.2 feet.

C. VAfIABIZS AFFECTITG COLW EIRACTION PEMBMAF E AN FlOfIJG CITY

1. Introduction

The purpose of this section is to discuss the influence of the various

rrocess variables on the design and operation 
of the solvent-extraction

columns in the TBP Plant. The effects of these variables on waste losses,

flooding caacity, and column rangeability will be described. For clarity

0 in presentation, a line of demarcattion has been drawn between the variables

whose values have been fixed by mechenical factors during plant design

(design variables) and those vrriables whose values can be changed by oper-

sting conditions (operating variables).

Based on data more fully explained later in this section, a suumary

table giving the expected performance of the TEP-process RA and RC Colvmns

at the indicated processing rates, under the conditions of the TfP-W No.

4 Flowsheet, follows. Details on the column and perforated plate geometry

are presented under C4 and in Chapter MV.

BA Column Extraction Section (Diam. 20 In.; "Pcked" Height 12 Ft.)

Short Volume Velocity, No. of U .U

Tons Gal./(Hr.)(Sq.Ft.), ( U Loss H.E.T.S., Transfer H.T .,()

U/Day Sum of Both Phases In Waste Ft. Units Ft

2.5 700 0.1 3.4 7.5(c) 1.5
5.0 1400 .4 4.3 0(c) 2.
5.0 1700 0.8 5.0 5.2(c) 2.3

RC Coll;= (Diam. 30 In.; "Packed" oight 12 Ft.)C

2.5 360 0.1 3.8 7 .0(d) 1.7

5.0 720 0.05 4.2
6.0 070 0.05 4.2 .o(d) 1.5

Notes: (a) Values selected at Tulse amplitude of 
1.28 in. and a

pulse frocuency of 50 cycles per minute. Flooding volume

velocity of column is about 3500 gal./(hr.)(sq ft.), sun

of both phases.

(b) Values soloctod at pulse amplitude of 0.57 in. and a pulse

frequency of 90 cycles per minute. Flooding volume ve-

locity of column is about 1000 gal./(hr.)(sq.ft.), sum of

both phases.
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(c) "Over-all water-film" transfer units.

(d) "Over-all organic-film" transfer units.

(a) On the basis of available data, RA Column H.T.T-. values
under TBP-HW No. 5 Flowsheet condItions are only slightly
(up to 10) higher than No. 4 Flowsheet RA Column E.T.U.'s
at the same uranium processing rates.

With the exception of the RA Column waste loss at 6 tons U/day (2Q% above
design capacity) the estimated uranium losses cited above are at or be-
low the 0.5 per cent loss per column used as the basis of design for the
TBP Plant.

The numbers of transfer units or theoretical stages required in the
RA Column extraction section and in the RC Column under TBP-W -No. 4 Flow-
sheet conditions to limit uranium losses to 0.5% per column are as follows:

Column

RA extraction section
RC

Required
No. of Stages

3.5
3.5

Required No.
of Transfer Units

6(a)
6 (b)

Notes: (a) "Over-all water-film" transfer units.

(b) "Over-all organic-film" transfer uni-ns.

2. The Three Types of Pulse-Colunn Operation

Observations of a 3-inch I.D. glass pulse column in operation have
revealed a correlation between certain types of phase disnersion, the
range of pulse frequency at any given amplitude, and the effectiveness
of uranium transfer. Changes in the type of phase dispersion resulting
from changes in the operating variables (flow rate and pulse frequency
at any fixed amplitude)-are indicated in the figure below.

Pulsed
Volume Typical

Velocity tie, Flooding
Uatable Curve

"B" 'N Ae~io /
. .uls ion -

Type

- Mier'.;
Settler -

Pul;eF u

Pulse Frequency
V

Weds". IDECLASSIFIED

Flow
Rate
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This figure applies qualitatively to both the PA and the BC Column.

The changes in column appearance accompanying changes of frequency
or flow rate involve gradual blending of one type of operation into
anotheri Operation in the region labeled "A" (see graph) has been desig-
nated as "mier-settler" type, and operation in the intermediate region,
"B", "emulsion" type. The name "unstable region" applied to the right-
hand section, "C", is derived from the characteristics of the column whenoperated near the flooding point. The "mixer-settler" operation (for 1/8-'in.-diameter plate perforations) is characterized by large drop size,
clear aqueous layers between plates at intermediate points in the pulse
cycle, clear organic-phase layers under the plates during portions of thedownward pulse, high stability, and high values of H.T.U.

The "emulsion" region is characterized by small drop size, uniform
dispersion of phases, and low H.T.U. The "unstable region" is character-
ized by mixtures of fine and coarse organic drops, formation of large
drops of organic phase by coalescence, infrequent sudden reversals of con-
tinuous phase (local flooding) in short sections of column, build-up of
one to two feet of continuous organic phase under the bottom plate of the
cartridge, and generally somewhat higher H.T.U. values than for emulsion-
type operation.

3. Effects of Operating Variables on Extraction and Capacity

This subsection is designed to indicate the effects of the several
operating variables on the extraction effectiveness and throughput capacity
of the TP-process solvent-extraction columns. For the most part the data
presented were extrapolated from pilot-plant data obtained with 3, 5, 8,and 15-inch-diameter pulse columns. For this reason, the values of the
variables shown are only approximate, but the validity of the trends indi-
cated is well established.

3.1 Effect of pulse frequency

In the range of operating variables investigated in pilot-plant
studies it was found that changes caused by variation in pulse amplitude
and/or pulse frequency may be correlated by the use of the aritimetic
product of the pulse amplitude and pulse frequency. Since the pulse
amplitudes in the plant columns have been fixed by the design of the
pulse generators, the amplitude-frequency product can be divided by the
fixed pulse amplitude (1,28 and 0.57 in. in the RA and PC Columns, re-
spectively) and the correlation presented with frequency as the independ-
ent variable.

Figures V-3 and V-4 indicate the effect of pulse frequency variations
in the RA and BC Columns operating at the fixed pulse amplitudes and at
volume velocities corresponding to instantaneous uranium processing rates
of 2.5, 5.0, and ).0 tons per day. The plots presented were obtained by
extrapolating data from pilot-plant studies in 3, 5, 8, and 16-inch-
diameter pulse columns. Thase data indicate that H.T.U. values decrease
with increasing pulse frequency over the range studied. For example,
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under the conditions of the TBp-HW No. 4 Flowsheet, at a volume velocityof 1400 gal./(hr.)(sq.ft.), sun of both phases, corresponding to a uranium
processing rate of 5 tons/day, the plant-size (20-in. diem.) RA Column
H.T.U. decreases from 2.4 ft. at 25 cycles/minute to 2.0 ft.. at 55 cycles/
minute. The H.T.U. of the PC Column (30-in. diam.) at a volume velocity
of 720 gal./(hr.)(sq.ft.), sum of both phases, (corresponding to 5 tons
U/day) decreases from about 2.6 feet at 55 cycles/minute to 1.5 feet at 90cycles/minute.

Figures V-5 and V-6 illustrate the effect of frequency on the flooding
capacity of the column. As indicated by these figures, the operation ofa pulse column differs merkedly from that of a packed column, in that nomeasurable countercurrent flow can be obtained in a pulse column unless
the column contents are pulsed. At low frequencies (up to about 30 and 35cycles/min., respectively, for the RA and 2C Columns at the respective
plant amplitudes of 1.28 and 0.57 in.) the capacity of the colums is equal
to the pulsed volume velocity and thus increases in proportion to the fre-
quency. Accordingly, at low frequencies the pulsed volume velocity may
be computed from the relation

VV - 74.81 of,

where

VV - volume velocity, gal./(hr.)(sq.ft.),

a = pulse amplitude, inches,

f = pulse frequency, cycles/min.

The number 74.81 appearing in the above equation is a. conversion factor
for the units, (gl./(br.)(sq.ft.))/(n./min.). As the frequency in-
creases further, the flooding capacity becomes increasingly lower than
the pulsed volume velocity. After passing through a maximum in the
neighborhood of 50 and 55 cycles/min. for RA and RC,respectively, (at the
plant amplitudes) the flooding capacity decreases with further increases
in the frequency, until, above a certain limiting frequency, no counter-
current flow through the column is possible. At the plant amplitudes,
these limiting frequencies for the RA and BC Columns are in the neighbor-
hodd of 75 and 105 cycles/min.,respectively.

The ranges of frequencies permitting plant column capacities corres-
rondinG to instantaneous uranium processing rates of 2.5, 5.0, and 6.0
tons par day are tabulated below.
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Flooding Frequencies

U Processing
Rate , Tons/Day

Volume Velocity,
Gal./(Hr.)(Sq.Ft.),
Sum of Both Phases

Flooding Frequencies,
Cycles/Min.

Upper Lower

RA Column:

2.5
3.0
6.o

RC Column:

2.5
5.0
6,o

700
1400
1700

72
71
70

360
720
870

99
94
92

7
14
17

9
17
20

These data, extrapolated from pilot-plant data from 3, 5, 8, and 1i-inch
pulse columns, apply to the plant-size columns (20-in.-diam. RA, 30-in.-
diam. RC). (It should be noted, however, that the frequency of the plant
pulse generators my be varied only between 25 and 90 cyc./Min., so that
some of the flooding frequencies tabulated above cannot actually be
ettained in the TBP Plant.)

3.2 Effect of volume velocity

The effect of volume velocity on H.T.U. values in the RA and RC Columns
at selected pulse frequencies is plotted in Figures V-7 and V-8. These data
indicate a gradual increase in RA Column H.T.U. values as the volume veloc-
ity increases. This effect becomes more pronounced at volume velocities
above 1400 gal./(hr.)(sq.ft.), sum of both phases. Typical values for the
RA Column at a pulse frequency of 55 cycles/minute are listed below.

E.T.U. vs. Volume Velocity - RA Column Extraction Section
Pulse frequency =-55 cyc./nin.

U Processing
Rate, Tons/ay

1.4
2.5
5.0
6.o
7.1

Volume Velocity,
GaL/(r.)(SqFt.),
Sim of Both Phases

400
700

1400
1700
2000

H.T.U., Ft.

1.4
1.5
2.0
2.2
2.5

RC Column E.T.U. values go through a minimum with increasing volume
velocity. This mininum poInt occurs at about 800 gal./(hr)(sq.ft.),
sum of both phases. Typicrl values for the RC Column at a pulse frequency
of 90 cycles/minute are listed below.
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H.T.U. vs. Volume Velocity - PC Collm Extraction Section
Pulse frequency - 90 cyc. lmin.

Volume Velocity,
U Processing Gal./(Mr.)(Sq.Ft.),

Rate, Tons/Da Sum of Both Phases H.T.U., Ft.

2.1 300 1.8
2.5 .360 1.7
5.0 720 1.56.0 870 1.5
6.9 1000 1.6

3.3 Effect of alternative flowsheets

Pilot-plant runs indicate no significant differences between the TBP-
HW No. 3 and No. 4 Flowsheet E.T.U. vAlues for either the RA or the PC
Column. Although only two pilot-plant RA Column runs were made under
TBP-EW No. 5 Flowsheet conditions it is expected that the increased aque-
ous flow rate and the increased aqueous-to-organic flow ratio would resultin only a slight (up to 10%) increase in the RA Column H.T.U. values (fora given uranium production rmt) over the TBP-HW No. 4 Flowsheet H.T.U.'s.With the exception of the RAF stream, all column influent stream composi-
tions and flows are the same in the TBP-HW No. 4 and No. 5 Flowsheets.
(See Figures 1-2 and 1-3). In the TBP-HW No. 5 Flowsheet, which involves
no feed concentration step, each ton of uranium is contained in a 47%
greater RAF volume than under the conditions of the TBP-HW No. 4 Flowsheet.

Operational changes from nominal TBP-HW No. 4 Flowsheet conditions
to flowsheets employing feeds prepared from supernate or sludge alone do
affect the RA Column H.T.U. values. The H.T.U. values increase about 100
per cent when supernate feed is used. A decrease in H.T.U. values of
approximately 15 per cent accompanies a change to a sludge feed. Themajor portion of the fluctuation in H.T.U. values is thought to be attri-butable to changes in the aqueous-to-orgenic flow ratios plus a smalleffect caused by concentration changes.

3.4 Effect of aqueous-to-organic flow ratio

Redox-process packed-column experiments\ indicate an increase inH.T.U. values with increasing aqueous-to-organic volume flow ratios (L/7).A 2 to 2.5-fold increase in H.T.U. values was noted with an increase inL/V from 0.2 to 5.0. It is believed that in a qualitative sense such atrend prevails also with TBP-process pulse columns.

3.5 Effect of physical proerties

The physical properties of most importance in solvent-extraction
column performance are (a) the density difference between the aqueous andorganic phases, (b) the viscosities of the phases, (c) interfacial tensionbetween the phases, and (d) the diffusivities of the diffusing components.
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These physical properties of the solutions in all TBP-process columns are
sufficiently favorable, as evidenced by the adequately low H.T..U. values
and adequately high flooding capacities of the TBP columns, though not
quite as favorable as in the Redox process. Although not too well under-
stood quantitatively, the following semiquantitative statements illustrate
the general importance of the above physical properties on packed solvent-
extraction column performance.

3.51 Density difference between phases

For given column and plate geometry and materials of construction, the
flooding capacity increases as approximately the first power of the density
difference between the phases. This density difference is generally 0.2
to 0.35 g./ml. for the TBP-process columns -- whereas column operation is
feasible (generally with lower flooding capacities, however) in systems
with a density difference as low as 0.05 g./ml.

CM 3.52 Viscosity

Low viscosity of the continuous phase generally favors high flooding
capacity, the flooding capacity being proportional to about the minus 0.2
power of the viscosity. Viscosities in the TBP streams are relatively
low, ranging from 1.0 to 1.5 centipaises in aqueous streams, and from 1.8
to 2.5 centipaises in organic streams.

3.53 Interfacial tension

Low interfacial tension generally favors high flooding capacity.
(The flooding capacity is proportional to about the minus 0.1 power of
the interfacial tension.) Interfacial tensions between organic and aqueous
phases of the TBP-process systems are low, about 15 dynes/om., though not
as unusually low (5 to 10 dynes/cm.) as the interfacial tensions in the
Redox-process systems.

3.54 Diffusivity

Individual-film H.T.U. values are generally believed to vary directly
with the value of the dimensionless Schmidt number raised to approximately
the 0.5 power,

0.6

where any set of consistent units may be used, such as:

,, = viscosity, lb./(hr.)(ft.);

= density, lb./cu.ft.;

D = diffusivity of 6he diffusing component, sq.ft./hr.
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Hence individual aqueous-film or organic-film H.T.U. values should besmaller for lower viscosity and higher diffusivity values. Smaller valuesof the Schmidt number undoubtedly account, in part, for the lower H.T.U.values obtained in Redox columns than in the TBP uranium recovery or Purer-process columns.

3.5 Effect of diluent

Transfer unit heights and flooding capacities may vary somewhat withthe physical properties imparted by the diluent to the solvent phase,as discussed under 3.5, above.

Scouting runs in a 3-inch pilot-plant column indicate that H.T.U.values obtained with Amsco 125-90W as diluent are about the same as thoseobtained with Shell Deodorized Spray Base. (For the properties of thesediluents reference ia made to Chapter IV.)

3.7 Effect of column temperature

Three-inch-diameter pulse-column, pilot-plant runs indicated nosignificant difference between the uranium losses at 77*F. and at 110F.for either the BA or the RC Column.

tr 4. Effects of Design Variables on Extraction and Capecity

The studies of pulse column vcriables in nominal 3, 5, 8, and 16-inch-diameter columns led to the following cartridge and column geometryspecificatinns for the TBP-process BA and RC Pulse Columns.

Column Geometry

RA Column BC Column

Inside diameter 20 in. 30 in.

Over-all height, including dis- 21 ft. 17 ft.engaging sections but not
connectors

Perforated-plate section height 3.17 ft. (scrub) 12 ft.
12 ft. (extn.)

BPA nd 1C Col.mn Perforated-Plate Cartridge Geometry

Plate spacing 2 in. (center line to
center line)

Hole size 0.125-in. diameter

Perforated area 23P

Plate material Stainless steel (Type 347)
Plate thiclmess ) o625 in.
Diametric clearance (plate to wall) 0.125 in. maximum
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Cartridges of the geometry specified in the above table were also
used in the major portion of the pilot-plant TBP-process pulse-column
studies. A cartridge of this geometry ±s often referred to as a "standard
cartridge ."

The following table summarizes the approximate magnitude of the effects
on column H.T.U. and capacity of those variables which are fixed by the de-
sign of the columns and cannot be changed in. the course of regular opera-
tion. These effecta were considered in arriving at the design specifications
of the plant columns. The selected values of the variables are generally
near optimum.

.Effect of Design Variables on. Column Extraction and Capecity

Variable

Pulse amplitude

Plate hole dia-
meter

Plate free (per-
forated) area

Plate spacing

Column diameter

Plate surfacing

Relative Importance*

First-order effect on both
extraction and capacity (in
the range 0.25 to 1.5 in.).

First-order effect on capac-
ity; second-order effect on
extraction (in the range
0.04-in. to 3/16-in. diame-
ter).

Second-order effects on
both extraction and camec-
ity in the range 10 to 4a,'
free area.

Second-order effects on
both extraction and capacity
in the range 1 in. to 4 in.

Second-order effect on ox-
traction in the BA Column
in the range 3 to 20 in.;
third-order effect on ex-
traction in the RC Column
in the range 3 to 30 in.
Third-order offects on
column cOa-cities.

Third-order effect.

General Effect

As amplitude increases
H.T.U. values are reduced
to a minimum end then in-
crease. The capacity in-
creases with amplitude to
a maximum then decreases.

1/8-in.-dicmeter holes give
good all-around performance.
H.T.U. and capacity increase
with hole diameter.

H.T.U. and flooding capac-
ity increase with increase
in free area in the 10 to
40' range .

H.T.U. and flooding capacity
increase with increase in
plate smacing.

H.T.U. increases with
column diameter. Super-
ficial throughput capacity
not significantly affected
by diameter.

The best performance in
stainless steel plates is
comparable to the best in
plastic-faced plates.

C
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Variable

Wall clearance
(between plates
and column well)

Disengagement
section

Influent stream
distributors

Continuous phase

-A

525,

Rlelative Imporance* Gn rEfecat

Third-order effect for clear-
ance up to 1/8-in. on the
diameter in a. 3-in.-diameter
column.

Third-order effect on capac-
ity.

Third-order effect on ex-
traction and capacity.

Second or third-order
effect.

The H.T.U. increases with
increasing wall clearance.

The capacity is not sig-
nificantly affected by
disengagement section
design if the residence
time to separate ,the mixed
phases is above about 5
minutes.

Column performance with
simple distributors is
equal to that with multi-
hole type.

Limited data indicate
superior performance with
the aqueous phaae con-
tinuous for both RA and
RC Columns.

The above comparisons reflect approximately the following
differences:

First order -- greater than 3-fold effects on H.T.U.
and/or capacity.

Second order -- lesathan 2-fold effects.
Third order -- effects less than approximately ± 30%.

The comparisons in the table are mainly based on data obtained in a
3-inch-diameter pulse column and a few runs in 8 and 16 -inch-diametar
columns. Because of the limited number of pilot -plant runs made to study
those effects and the omission of ntmerous qualifying details, the com-
parisons are only approximate. Reference is made to Document HW-19170 for
complete details of the pilot-plant studies which are the basis for these
comparisons.

D. DECONTAMINATION OF URANIUM FROM FISSION PRODUCTS AND PLUTONIUM

1. Introduction

This section deals with the decontamination performance of the TBP
Plant solvent-extraction battery. The function of this battery is to re-
duce the concentrations of the fission products and plutonium associated
with the uranium recovered from underground storage to levels low enough to
permit further processing of the uranium at Hanford end at off-pite facili-
ties with no more elaborate radiation protection procedures than are needed

ndling natural uranium.
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Virtually all of the decontamination is achieved in the BA Column,

where the product uranium is purified by extracting it into the organic
(TBP plus diluent) phase while the bulk of the fission products and plu-
tonium remain in the aqueous phase. A small additional amount of decon-
tamination is also effected in the BC Column (over-all D.F. s in the range
of 3) when "irreversibly extracted" fission products (see below) are pre-
sent.

The bulk of the BA Column decontamination is effected at the top of
the extraction section, where less than 1 per cent of the fission products
and 10 per cent of the plutonium (reduced to the relatively inextractable
(III) valence state by ferrous ion in the aqueous phase) are extracted
into the organic stream along with the uranium. This organic stream then
passes into the scrub section where additional decontamination is carried
out by scrubbing the ascending organic stream with a highly salted (2 M
nitric acid) aqueous stream which also contains the ferrous ammonium sul-

Cu fate and sulfamic acid required for the reduction of plutonium. The scrub
stream is highly salted to minimize stripping (and hence internal refluxing
in the column) of uranium.

The radioactive fission-product constituents associated with the
(N uranium feed are discussed in Chapter II. The chemistry of these fission

products and plutonium, and their phase distribution ratios at TBP-process
conditions ard discussed in Chapter IV. The relative inextractability
into the organic phase of plutonium (III) and the fission products (organic/
aqueom distribution ratios below 0.1 for most species) is the fundamental
property which enables their almost quantitative separation from uranium
in the BA Column.

Decontamination of uranium from plutonium and fission products by
the TBP solvent-extraction process has been successfully demonstrated by
many experimental studies, including (a) laboratory batch-extraction
studies conducted at Hanford and Oak Ridge and (b) "hot" pilot-plant packed-
column studies at Oak Ridge (processing approximately 3-1/2 year old Hanford
sludge and supernate). In addition, decontamination of uranium on a pilot-
plant scale has been successfully demonstrated in mixer-settlers, packed
columns, and pulse columns for other processes (Purex and "25") utilizing
diluted TBP as the solvent. These studies were conducted at the Argonne and
Oak Ridge National laboratories and at Knolls Atomic Power laboratory.
Salient performance data from TBP-process decontamination studies and the
Purex-process decontamination studies utilizing pulse columns are presented
in Subsection D4,below.

2. Design Basis for Decontamination

At the time of the expected start-up of the Uranium Becovery Plant
(January 1952) the radioactivity levels of the combined sludges and _uper-
nates from underground storage will range from approximately 8 x 10 to
7 x 10-2 "countable" beta curies and from 2 x 10 to 3 x 10-2 "countable"
gemma curies per gram of uranium. The actual combined radioactivity level
in each series of cascade tanks is dependent upon the irradiation and
Itcooling" history of the uranium. Tentative specifications for the re-
covered uranium allow a radioactivity level of 1 x 10-7 beta curies and
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5 x 10 gauna curies per gram of uranium (approximately 30% and 300% ofthe radioactivity of natural uranium, respectively). The THP process hasbeen designed to recover uranium aged at least two years or longer. The2-year, or longer, "cooling" time is necessary to allow the fission-productradioactivIties (notably Ru and Zr) to decay to lower levels. The decon-tamination factors required to meet. the tentative specifications when pro-cessing two-year-old waste containing uranium which has receivpd an inte-grated exposure of 400 Mw.-days/ton over 360 days are 7.5 z 10" and 2 x104 for beta and gamma respectively (countable curie basis). The required

D.F.'s are smaller for wastes aged over a longer period.

The underground storage tanks also contain up to approximately 4 xio-6 grams of plutonium per gram of uranium. Since the maximum permissi-
ble concentration of plutonium in recovered uranium is tentatively setat 1 x 10-7 grams per gram of uranium, the over-all plutonium decontami-nation factor must be approximately 40.

Mrperimental studies have shown t ura ium may be decontaminatedfrom fission products by as high as 10 to 10 and from pduc nium by afactor of at least 40 in one TBP solvent-extraction cycle 2o.

3. Mass Transfer (Scrubbing) of Fission Products and Plutonium

Normal mass-transfer concepts may be used to explain the functioningof the RA Column in the removal of plutonium and fission products withknown, reproducible distribution coefficients. Principles of mass trans-far may also be used to calculate the number of equivalent 3tages ortransfer units required to attain any desired D.F. for a fission product,group of fission products, or plutonium.

laboratory and pilot-plant decontamination performance data show thatsuch an idealized approach is actually applicable to nearly all of thefission products. Thus, as would be predicted on the basis of mass-transfer theory, decontamination factors for the RA Column are of theorder of 1o to 105 (99.99 to 99.999% removal) for fission products and50 for plutonium. Hence, behavior of fission products and plutonium inaccordance with classical mass-transfer concepts is the rule rather thanthe exception. From 0.001 to 0.1 of the fission products in the RAFremain in the RAU because of:

(a) insufficient height of the scrub section;

(b) distribution coefficient values unfavorable for stripping
(ER in the range from 0.2 to 0.4); and

(c) the so-called "inextractable" (or, more correctly, "unstrippeble"
or "unscrubbable") behavior of certain fission products, due tocomplexing in the organic phase or formation of organic-
favoring forms. In these cases, E, values for the fission.products are greater than 0.5.
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Although the fraction of the total fission products in the PAF which

exhibits "inextractable" performance is small (generally 0.1% or less),
it is nonetheless highly important because D.F.'s for recovered U (from
fission products) must be on the order of 10.

3.1 D.F. as a function of the distribution ratio and the number of

scrub stages or transfer units

The Colburn equations,

NS - log (l - P) M + P! /log(l/,)

and

Nt = 2.3 log ( - P) M + F /(l - P),

(discussed in Section A, above) may be used to estimate the stage and

transfer unit requirements for fission product and plutonium removal.

Figure V-9, which is a graph of the number of "over-all organic-film"

transfer units in the RA Column scrub section versus decontamination

an factor, has been, constructed on the basis of the Colburn equations and

97-1 the assumption that the distribution ratios of the fission products and

>. the plutonium remain constant throughout the scrub secti.on and at the top

of the extraction section. This assumption is approximately correct for

most individual fission products and for plutonium. Thus, Figure V-9 may

be used to estimate the number of RA Column scrub-section stages or trans-

fer units for an individual fission product or plutonium if the distribu-

tion ratio is mown. Conversely, the graph may be employed to calculate

the decontamination factor for an individual fission product or plutonium

in the RA Column if the distribution ratio and number of stages or trans-

fer units are known. The assumption required for the use of Fig. V-9

(that the distribution ratios of the fission products remain constant at

the top of the extraction section and throughout the scrub section) is not

correct for groups of fission products and individual "inextractable" fis-

sion products whose apparent distribution ratios increase at each stage

in the scrub section. Figure V-10 contains two graphs, also based on the

Colburn equations, which are plots of the extraction-section and scrub-

section D.F.'s versus the distribution ratios for an RA Column with a

scrub section equivalent to one theoretical stage or three "over-all

organic-film" transfer units. These graphs may be used to estimate the

over-all RA Column decontamination factor for individual "inextractable"

fission products or groups of fission products whose apparent 
distribution

ratios are imown for both the extraction section and for one scrub stage

or three scrub transfer units. Sample calculations for both Figures V-9

end V-10 are given below.

It will be noted that some decontamination occurs with no stages or

transfer units in the scrub section. This initial decontamination is a

consequence of the fact that the organic feed to the scrub section has been

contacted with an aqueous phase, RAFS, containing approximately 
two thirds

of the RAF concentrations of fission products and plutonium. The organic
feed to the scrub section has therefore already undergone considerable de-

contamination due to the highly aqueous-favoring distribution coefficients
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ofuthe fission products and plutonium (most of the fission products endlutoim remin in the aqueous phase) in this part of the extractionsection.

The use of Figure V-9 may be illustrated with two calculations show-ing the determination of (a) the number of "over-all organic-film" trans-fer units or stages required to attain a given D.f. for an individualfission product of known distribution ratio (F.), and (b) the D.F. attainedwith a set number of transfer uniits for a given fission product with a

(a) Let it be assumed that the ission product has an 4o of 0.01,the required D.f. is 2 x 10 , and it is desired to determineboth the number of stages and number of transfer units re-quired. Reading oa the left-hand vertical scale (Fig. V-9)UP toDX. - 2:x 0u and across to 0.01 (radial parameterline), it is found (on the abscissa) that approuimtely 6transfer units are required. As may be read from the theoreti-cal stage parameter line, this corresponds to about 2 theoreti-C=2 cal stages.

(b) Iet it be assumed that the fission product has an 4 of 0.01,there are 5 transfer units in the scrub section, and it isdesired to determine the D.F. attained. Reading on the lowerhorizontal scale over to I transfer units and following thevertical line at 5 up to its intorcont with the = 0.01 line,one finds the intercept to b 7 x I0 (D.. scal. The f.attained is therefore 7 Z A Similar calculations ay aobe. made when the number of stages is known.

The use of Figure V-1 may be illustrated with a calculation showingthe determination of the Dfla attained with one theoretical stage for agroup of beta-emitting fission products whose extraction section andscrub section apparent distribution ratios (fE) are known.

let it be assumed that t is group of beta-emitting fission productshas an apparent So of 8 x l0 in the extraction section and 7 x 10-in the scrub section and it 4a desired to determine the D .. attained.Reading up from E = 8 x 10 on the extraction-section graph, one findsthe intercept on the extraction section Dnj. scale to be 750. Beadingup from Eor=7 x l-S on the scrub-section graph to its intercept withthe one theoretical stage line, one finds the intercept to be 29 (icrub-section f.P. scale). The over-all RA Column f .. , as determined by theequation given on the Figure, is then (,750)(29) - 29 + 1 =2.2 x 104.The last two terms of this equation, which correct for fission-productreflus from the scrub section, were nogligibbo in this case. Similar cal-culations may also be made for three scrub-section transfer units.

3.2 The t f some fission products

It has been observed in laboratory and pilot-plant studies that cer-tain fission products, or -- as is more often the case -- small fractions
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of certain fission products, under some conditions extract initially into
the 'organic phase and cannot be subsequently scrubbed back into an equeous
stream. Such "irreversible" extraction behavior has been explained in
terms of two mechanisms, both of which undoubtedly occur to some extent in
the TBP process,

One of the possible mechanisms is the formation of an organic-favor-
ing complex compound of the fission product in question with some other
solute. Zirconium my be thus complezad by DBP (dibutyl phosphate),
formed by the hydrolysis of TBP. Other complexes may be attributable to
unknown impurities. Because of the extremely low concentrations in which
the individual fission products are present (on the order of 10-5 to 10-7
M in the RAF stream) a very low concentration of complexing agent could
be effective.

Another possible mechanism is the presence of certain fission products
in more than one chemical form, some with low and some with high distribution
ratios. While it has not been proven that this is the reason why a small
fraction of ruthenium is "irreversibly" extracted under TB? process condi-
tions, it has been found in the Redox process that ruthenium exists in
several solute species, at least one of which. has a distribution ratio
greater than 1 and thus is extracted into the organic phase with uranium.

Analytical results from Oak Ridge pilot-plant runs (see Table V-2)
indicate that small fractions of both the fu and Zr present undergo "irre-
versible" extraction in the TBF process. Solvent treatment procedures
used in the T3P Plant should, however, help to minimizu this phenomenon.

4. Iaboratory and Pilot-Plant Decontamination Performance

4.1 laboratory batch studies

"Hot" laboratory-scale batch experiments, under conditions simulating
those of the process, have been extensively used in the study of the de-
contamination performance of the TBP process. Iaboratory countercurrent
batch studies have given good checks of column performance and thus have
provided a useful means of obtaining quantitative indications of the
effects of various independently controlled factors on process decontami-
nation performance. Some illustrative laboratory countercurrent batch dF'S

for simulated RA-RC Column conditions are tabulated below:

Approx.
Source of Ago of No. of Stases dF

Feed Feed E:tn. Scrub Strip. Beta Gamma Pu

Sludge(22) 4.5 yr. -- 4.5a) >3.3(a) 1.4(a)

Sludge(2 4) 3.5 yr. 5 4 5 5.5 4.8 0.3
Simulated cur- 90 days 5 4 5 4.3 4.o 1-0
rent waste( 4)

Supernatc(24 ) 3.5 yr. 5 4 5 4.5 (c) (c)

1 1 1 11 Ilsniille 1111 11=1
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Notes: (a) RAT dF's. (All other dF's in above table are for RCU.)

(b) No plutonium reductant was used in these experiments.

(a) Not reported.

In all cases the product streams from the above extractions met thetentative specifications for beta and gamne radioactivity.

4.2 Pilot-plant Studies

Pilot-plant studies of the decontamination performance of the TBPProcess were carried out in Packed columns at Oak Rlidge National labora-tory. NO pilot..;lant data on the deczontamination Performance of pulse
columns operating under TBP process conditions have been obtained. How-ever, thot" pulse column runs have been made at Oak Ridge on the Purxprocess. The Purer process is designed to recover both uranium and plu-tnium from pile-irradiated uranium and, like the TBP process, utilizesSa TBP-and ient extract-nt. TEP process decontamination performance7_r my be expected to be roughly equivalent to that of the Purex first cycle.Equipment sizes for these studies were as follows:

Type of 
Packed(a)Process Column Runs Clumn Diam., In. Height, Ft.

TBP Packed HS-3, 5 RA scrub 1.6 10
extn. 1.6 12.5

RC 2.5 18
TBP Packed Hq-8, 11 RA scrub 1.6 5

r-1, 2 extn. 1.6 17.5RC 2.5 18
TBP Packed HS-i6 RA scrub 1.6 0

eztn. 1.6 22.5Ra 2.5 is
Purer Pulse I IA scrub 2 12.5

e-tn. 2 7.5
IB extn. 2.5 11.5scrub 2 6IC 4 1

Purer Pulse IMP-S, 9 IA scrub 2 18
extn. 2 12

IB extn. 2.5 18
scrub 2 8IC 4 12,

Noter (a) TBP process pilot-plant columns packed with 1/4.by 3/8- .split Reachig rings. Purer pulse column "packed" withperforatedplates with 1/8-in.-diem. holes, 23% free are' /2-a. Sacirg.
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The- decontamination factors obtained in some of these studies are sum-
marized briefly below. A somewhat more detailed surmory is presented in Table
V-2. Table V-2 includes some dF's for those individual fission products (Ru,
Zr, Nb, Sr, and Cs) which are important because one or more of them generally
control the gross fission-product decontamination factors obtained.

TBP Process Pilot-Plant dF's
(Age of feed approximately 3.5 years)

Type
of

Run Feed

HS-3 HW Supernate

HS-8 HW Suernate

HS-5 Simulated
Sludge and
Supernate

HS-l Simulated
Sludge and
Supernate

HS-16 Simulated
Sludge and
Supernate

HW-2 HW Sludge
Supernate

HW-2 HW Sludge
Supernate

RA Column
Scrub Sect.

Packed
Height, Ft.

10

5

10

5

0

and

and

Initial Feed
Redioectivity(c)
Beta GarMM

Co./kin. Mv.
Mg. U Mg. U

(x 10-5)

3.5

2.2

1.3

1.2

1.1

8.55

5

RCU Stream
dl's

Beta G&a30

145 4. 5 4.7

100 4.5 4.5

Product Uranium
Radioactivity,

0 of the
Radioactivity
of Natural
Uranium

Beta Gamtm

10

10

59 4.6 5.0

52 4.4 4.4

61 3.5 4.0

49 5 .0 (b) 4.0

57 4 .5 (b) 3.6

5

4o 120

10(b)

Purer Process Pilot-Plant dl's

'(Age of feed approximately 0.4 years)

Source
of

Feed

ORNL Slugs

HW Slugs

W Slugs

IA Colun
Scrub Sect.

"Pecked"
Height, Ft.

12.5

18
18

Initial Feed
Radiosctivity(c)

Beta Gamma
C o./Min. Mv.

Mg. U Mg.U
(x 1o5)

RCU Stream
dF's

Beta Garme

8.1

±4o 1.25x10 4.4
152 1.5xl04 4.6

RCU Radio-
activity, % of
Radioactivity
of Natural
Uranium

Beta Gam

35 3.5x103

3.8 700 3.5x104

3.9 500
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50

50

10

230

90

Run

IHP-5

IRP-8

IBP -9

685 4.4 3.5
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Notes: (a) Pu dH's ranged from 1.6 to 2.4 for all runs in which

a Pu reducing agent was added to the PA Column scrub
or feed streams.

(b) The beta radioactivity level of thu RCU stream was
higher than for the EAU stream during runs W-i and
BW-2. This is believed to have resulted from entrain-
ment of aqueous phase along with the RAU. Beta dF
and product uranium beta radioactivity figures are-
based on the RAU instead of the RCU.

(c) Beta counting geometry was approximately 116. The
radioactivity of natural uranium under these counting
conditions is approximately 80 beta co./(uin.)(mg. U)and 0.005 ganma mv./mg. U.

r,- Results of the TBP-process pecked-column runs tabulated above indicateCN4 little advantage in increasing the RA Column scrub section packed height=3 over 5 ft.

It is believed that the Purer process gamma F 's are lower then forthe TBP process because the feed contained higher concentrations of diffi-cultly-extractable short half-life gamma -emitting fission products (suchas 45-day RuJ03), due to the much shorter feed "cooling" time.

The Purex process IA Column requires a greater scrub section heightthan the TBP precess RA Column mainly because of the higher TSP contentof the extractart stream (301 TBP for Purer as compared to approximately12.5% TBP for the TBP process). This increase in TBP content of the ex-tractant effectively raises the fission-product distribution ratios to adegree where a much greater scrub-section height is required for the Purerprocess to achieve a decontamination performance equal to the TBP process.

The uranium product (nCT stream) from the TBP process runs was withinthe tentative specifications for beta end gamma activity, except for RunsHWl, EW-2, and HS-lo. The RAU streams were within the specifications forboth Runs HW-l and HW-2, and it is believed the RCU was contaminated withentrained aqueous phase. Run ES-16 demonstrated that adequate decontami-nation is not quite attainable without a scrub section. The tentativeallowable plutonium content specifications were met in all runs listedexcept for Run HS-3, where no reducing agent (to reduce plutonium to therelatively inextractable (III) valence state) was added.

RAt c's for the TBP runs, as tabulated on Table V-2, increase withan increase in feed activity. This is believed due 'to the facts that theradioactivity of the RAU from the low-activity runs was close to back-ground levels and that there is an apparent difficulty of removing thelast traces of-radioectivity regardless of starting activity.

It may be noted from Table V-2 that RA Column Zr dF'a for the TBPruns range in the neighborhood of 1.7, while Purer process IA Column dF'sare in the range of 3.2 to 3.5. The higher Zr dF's for the Purer runs
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are believed due to employment of a sodium carbonate solvent-washing pro-
cedure during the Pres runs (i.e., it is believed that Zr was complexed

by a solvent impurity during TBP process runs). These data emphasize the

importance of maintaining effective solvent treatment procedures in the
TBP Plant.

For Hanford aged uranium wastes the dF 's required in the TBP Plant
solvent-extraction battery in order to meet the tentative product radio-

activity specifications vary with age and irradiation history as follows:

Aproimate d'e Required in Solvent-Extraction
Age of For200Mw.-lay/Ton U For 400 M.-DeySf o U

Waste, Years Beta Game Pu Beta Gamma Pu

0.25 (i.e., 90 days) -- -- -- 5.8 5.8 1.6

1 5.0 4.7 1.3 5.2 4.8 1.6

2 4.6 4.1 1.3 4.9 4.3 1.6

c 4 4.2 3.7 1.3 4.4 4.0 1.6

8 3.9 3_5 1.3 4.2 3.9 1.6
CMJ

The TBP process pilot-plant data sumunrized above and in Table V-2

indicate that the required U's can be met in the TBP Plant if the feed
solution is at least four years old. It is believed that with adequate
solvent ;reatment procedures and good steady-stato operation the decontami-

nation performance of the TBP Plant solvent-extraction battery will be good

enough to meet the tentative specifications when processing 400 Mw;-day/ton
uranium "cooled" for as little as two years. Possible changes to the TBP

process which may help to improve decontamination performance but are not

presently planned for plant use are (e) addition of selective fission-

product conplexing agents, (b) operation with the TBP extractant at a

higher per cent uranium saturation, and (c) addition of "head-end" or

"tail-end" treatment facilities for Zr and Ru removal.

5. Development of the RA Column Scrub-Section "Packed" Height

The specified plate-section height (3.2 ft.) of the TBP Plant RA

Pulse Column scrub-section is based primarily on the 5-ft. packed scrub-

section height found satisfactory on the Oak Ridge TBP process pilot-plant

RA Column. Scale-up data indicate that the 3.2-ft. scrub-section height
in a 20-in.-diameter pulse column should equal or exceed the mass-transfer

performance of 5 ft. of Raschig-ring packing in a 1.G-in.-diameter pocked

column.

Consideration of the stage requirements for representative scrubbing

duties employed in conjunction with fission-product H.E.T.S. estimates

for the RA Column scrub section supports the adequacy of the 3.2-ft.

scrub-section height arrived at as described above. The table below

lists distribution ratios for conditions approximating those of the TBP

process of the important fission products and plutonium, as estimated
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from date in Chapter IV. These values are intended as representative
only, because, as indicated in Chapter IV, the values very considerably
with changes in per cent saturation of the solvent with uranium and HN0 3 .
Also listed in the table are the f''s which can be achieved in an RA
Column containing one equivalent stage in the scrub section, as obtained
from Figures V-9 and V-10.

Estimated E.0 d for RA Column
Extraction First with One-Stage

Component Section Scrub Stage Scrub Section

Ru 0.00028 0.019 4.4
Zr 0.0029 0.OU1 3.6
Nb 0.0004 0.0004 5.9
Ce 0.0004 0.0004 5.9

All other fisA <0.001 <0.001 >5.0
sion products

C^ Pu(III) 0.05 0.05 1.7

A ThP-process extraction cycle realizing the dF's listed above would
decontaminate 400-Mv.-day/ton uranium wastes aged 2 and 4 years to the
following fission-product radioactivity levels and plutonium concentra-
tions:

Per Cent of the
Radioactivity

"Countable" Curies of Natural
Age of Feed, Per Gran U Uranium Pu,

Years Beta Gamma Beta Gamma G./G. U

2 6x10-8 1x10-8  18 6o 7x10-8
4 2XC0 8  510-9 6 30 7x10-8

Values in the above table exceed the tentative specifications for recovered
uranium. Purex process studies conducted at Oak Ridge have indicated that
the 2-in.-dianeter pulse column H.E.T.S. for decontamination from fission
products is approximately 2 ft.(2 8 ) Thus the 3.2-ft.-high scrub section
in the TBP Plant 20-ft.-diam. RA Column should be equivalent to one ormore scrub stages provided the scale-up factor for the H.E.T.S. does not
exceed 50% as the scrub-section diameter is increased from 2 in. to 20in.

E. LOCATION AND USE OF EXTRACTION COLIMV STATIC AND DIFFERENTIAL
PRESSURE INSTrUMNTS

1. Function of Pressure Instrments

A bubbler-type pressure instrument has been provided on each RA andRC Column for the purpose of measuring the apperent density of the column
contents. The dip tubes of a three-tube bubbler-type differential
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pressure instrument are located near the top in each column for measurement
and control of the interface position (between the lower pair of tubes)
and measurement of the organic effluent stream density (between the upper
two tubes).

The static pressure instruments serve to provide an indication of
incipient flooding.

Interface measurement and control are treated in Chapter XIX.

The organic effluent density gives, under certain conditions, an in-
dication of the approximate uranium concentration present in the organic
effluent, thus providing an indirect clue as to possible high uranium
losses without the necessity of awaiting a laboratory analysis. Such con-
tinuous detection permits early correction of the offending off-standard
operating conditions.

2. Location of Dip Tubes

The static and differential pressure dip tubes are connected to in-
m~r strument air by connectors on the tops of the BA and BC Columns (see

Chapter XV). From the connector the three differential pressure dip
tubes extend through the top of the colun to terminate at 6 -in. depth
intervals at the top of the column. The top dip tubes of the BA and BC
Columns terminate 30-5/16 in. and 29-11/16 in., respectively, below the
connector nozzle on the top of the column. The static pressure tubes for
the HA and BC Columns, which extend from a connector on the top of each
column down the outside shell of the colun, terminate in the enlarged
bottom-end sections. The tubes for the BA and BC Columns terminate 2 in.
and 1 in. above the bottom of the enlarged bottom-end sections, respec-
tively.

3. Effect of Flow Hate on Column Apparent Density

Studies have been made in packed Bedox pilot-plant solvent-extraction
coluns to determine the effect of increasing countercurrent flow on the
pressure measured at the bottom of the columns. These studios (see
Chapter V of the Bedox Technical Manuel, EW-18700) indicate that the ap-
parent density of the column contents gradually decreases with increases
in the column throughput (sum of both phases) until incipient flooding
conditions are reached. At this point the apparent density decreases

more rapidly with increases in flow rates.

Trends similar to those exhibited by the Bedox columns have been ex-

hibited in simple TBP process pulse column studies. In Hanford Works
pilot-plant studies on an 8-in. simple RA Pulse Colunn,the apparent den-
sity of the extraction section was found to decrease from an average
density of approximately 1.20 g./ml. at a column throughout of 500 gal./
(hr.)(sq.ft.), sun of both phases, to an average density of approximately
1.15 at approximately 2000 gel./(hr.)(sq.ft.). For the reported runs
the amplitude-frequency product varied from approximately 50 to 70
(in.)(cycles/min.), with amplitudes varying from 0.5 to 1.0 in. In 8-in.
and 16-in. pilot-plant BC Pulse Column runs the average apparent density
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decreased from approxinately 1.0 at 500 gal./(r.)(sq.ft.) to approximately
0.90 to 0.95 at 1000 gal./(hr.)(sq.ft.). For the reported RC Column runs
the anplitude-frequency product varied from 35 to 56 (in.)(cycles/nin.)
with amplitudes varying from 0.5 to 1.0 inch.

Studies were not made on dual-purpose RA Pulse Columns to determinethe effect of increased flow rates on apparent column densities.

4. Detection of Flooding

As indicated in the preceding subsection,a sudden decrease in theapparent density of the Redox packed columns has been demonstrated asthe columns approach incipient flooding. In three pilot-plant runs inan 8-in.-diameter RC Pulse Column, the average column apparent densitydecreased below 0.90 g./ml. when flooding occurred. Direct studies de-monstrating the RA Column apparent density-flooding relationship have notbeen made, but the RC experience is qualitatively applicable.

5: - Effect of Uranium Losses on Organic Effluent Density

The uranium concentration of the organic phase at the top of thecolumns, measured by the top two differential pressure taps, may be usedto detect gross differences in uranium extraction within the columnscaused by major changes in operating conditions (e.g., column streamsshut off or considerably out of specifications). However, since theminimum detectable change readable on the differential pressure instru-ment (0.02 in. of water) corresponds to a uranyl nitrate composationchange of approximately 0.01 M in the organic effluent, the density dip-tube readings provide an indication of only very unusually high uraniumlosses (about 105 or more).

F. SPECIAL PROBIEMS

The expectation of continuous satisfactory performance of the TBPPlant solvent-extraction columns over long periods is based on hundredsof hours of trouble-free operation in pilot-plant studies. This sectionsummarizes experimental information on "inextractable" uranium, "redoil" (an oily residue from solvent decomposition), and emulsificationdifficulties encountered in early pilot-plant runs. In exceptionalcircumstances, such effects may give rise to anomalous column behavior.Normally, however, such effects occur only to a harmless extent.

1. "Inextractable" Uranium

"Inextractable" uranium (or more properly, "unstrippable" uranium)is uranium which is retained in the organic phase by complexing agentsnot present in pure solvent. In the laboratory the presence of "inex-tractable" uranium in solvent is thus revealed by dilute RC uranium dis-tribution coefficients (Eo) as high as about 0.05 or even higher, whereasthe distribution coefficient of pure solvent is below 0.002. In the plantoperation the presence of "inextractable" uranium would cause higher
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waste losses from the RC Column than would be obtained using pure solvent.
In addition to this effect, in the RA Column the complexing agents may
increase the extraction of plutonium and fission products by factors which,
on th eyidence of some 0.R.N.L. laboratory studies, may be as high as 10
to 20k-5).

Such distribution-coefficient and loss effects were noted in the early
pilot-plant runs made with solvent which had been contaminated by solvent
decomposition products (in the form of "red oil"). The similar adverse
effect of "red oil" (discussed under F3, below) and dibutyl phosphate (a
decomposition product of tributyl phosphate) on the dilute RC uranium dis-
tribution coefficient indicates that this compound is probably the main
agent responsible for the formation of "inextractable" uranium.

In the TBP Plant undue losses and low decontamination factors result-
ing from complexing agents are avoided by the solvent treatment procedures
outlined in Chapter XI (washing out sblvent impurities which are complexing
agents).

2. Emulsification

An emulsion may result from the intimate intermixing of two phases of
low interfacial tension.

In the TBP system emulsifying tendencies have been shown by solvent
decomposition products and, in the Redox system, by silicious materials
derived from the Al-Si slug-bonding layer. Thus in the early TBP pilot-
plant runs it was observed that introduction of solvent decomposition pro-
ducts (as "red oil") into the system was followed by reductions in the
column flooding capacities of as much as 30c, which were related to in-
creases in the emulsification tendencies of RA and RC systems. In the
Redox system, reduction in the interfacial tension between the phases
sufficient to cause emulsification resulted from a IAF silicon concentra-
tion of SO p.p.m. but not from 30 p.p.m. A single TBP pulse column run
was carried out with approximately 9 p.p.m. of silicon (from slug coating-
removal solution) in the RAFS without any increase in emulsifying tenden-
cies being observed.(20) The results of this test do not exclude the
poss'ibility that emulsifying properties would be shown by silicon in the
TBP system in concentrations on the order of 60 p.p.n. in the PAP'.

The immediate effect of a severe emulsion on column operation is the
carry-over of aqueous phase in the organic effluent and erratic operation
of the interface control instrument. If sufficiently severe, such condi-
tions could increase fission-product contamination of the organic effluent
of the RA Column and could also increase uranium waste losses.

Provision has been made in the TBP Plant to minimize or avoid the
effects of the two emulsifying materials mentioned above. Small amounts
of silicious material in the form of particles, derived from the Al-Si
slug bonding layer or from sand blown into underground tanks, are removed
in the feed (RAF) centrifugation step. The solvent treatment procedures
outlined in Chapter XI prevent the accumulation of emulsifying impurities.



539 DECLASSIFIED 1 r-i

3. "Red Oil"

"Red oil" is a complex mixture of nitrated organic compounds, uranium
butyl-phosphate complexes, organic residues from RAX, and probably mono-
butyl, dibutyl, and tributyl phosphates. Physically it appears as a
brown or red layer of organic material. "Red oil" was formed during con-
centration procedures peculiar to operations in the pilot-plant studies
conducted in the 321 Building, viz., concentrating RAW and RCU solutions
to conserve uranium and inorganic salts for re-use in RAFS.

The conditions of the formation of "red oil" exemplify in extreme
form the conditions under which solvent decomposition nay be expected
to take place. Those conditions were temperatures in excess of 105*C.
in the presence of relatively large amounts of boiling aqueous phase,
relatively highly concentrated in nitric acid (1 to 5 M).

The adverse effects of "red oil" on uranium stripping in the RC
Column and emulsions in both columns were mentioned above under F2 and
F3. As discussed in Chapter XI, no completely satisfactory method of
removing "red oil" from contaminatod solvent has been developed to date.
However, "red oil" is not expected to be encountered in TBP Plant opera-
tions because the solvent is not exposed to the deleterious effects of
high acidities at high temperatures.

Ca
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TABLE V-1

NomNCIATURE

RA7 -

RAN - :U .
1AW -.

Be -RC -

RCU -

R C

a
D

DI.F.T

ma'
.

LT.u

I-U.

RA Colum aqueous feed stream
RA Colum aqueous scrub stream
"A Colun organic effluent stream
RA Column aqueouo effluent strea,
uA Column organic extractant
RC Column organic feed stream (RAU)
'C Column aqueous effluent stream
RC Column organic effluent stream
PC Column aqueous ettractant

= Pulse amplitude, inches
- Diffusivity, sq.ft./hr.
n Decontamination factor (dF - 10g 0 D.F.)
- Distribution ratio, g./l. solute In organic Phase divided by g./l. eequal to m expressed in weight u us, i y / solute in aqueous phase.units.
- Pulse frequency, cycles/minute
- fleirht of theoretical stage
- height of transfer unit
- Tvilibrim constant

Volume f'low of aqueous phase per unit time
- CloDe of equilibrium line; dY-/dX

for extraction e. o Or stri ntng. If the extrstAft cont'in. solute, the values of M be-'One (zl-/)/(rA rY,/t,) and (Yl-Xm)/( r.) for the extraction and stripping, respectively.m Number Of transfer units for transfer across the organic film
"Over.-all orAnic -im transfer units for transfer from the organic to the aqueous phase- Number of t"over-all aqueouofnm" transfer Units for transfer from the aqueous to the organic phasew 'umber of theoretical 5t&e for extraction or stripping

- Number of extraction or stripping transfer units
- Number of transfer units for transfer across the aqueous film
- The slope of the operating line divided by the slope of the equilibrium line. CL/mY) for extraction(i.e., the transfer from aqueous to organic), and the reciprocal (mV4) for stripping (i.e., the tramsfer from organic to aqueous).
- Tons per day

. Uranyl nitrate hetahydrate (M.W. - 50.2)
- Volume low of organic phase per unit time
- 7olume velocity in column, gal./(hr.)(aq.ft.), sum of both phases
- G.UMT/liter aqueous solution
. G.m/liter aqueous solution in equilibrium with organic phase with composition denoted by?.- 0.UN/liter organic solution
- C.IrE/liter organic solution in equilibrium with aqueous phase with compoitIon denoted by I.- ingth of pulse column "packed" section or cartridge
- Viscosity

- Density

Subscripts

1, 2 - Concentrated and dilute-end values, respectively for I and/or Ti - Intermediate value of I or T, located between values of I or T with subscripts L or 2I' - Concentration In feed stream
fa - Concentration in combined feed and sntab streadm8 - Concentration in scrub stream
U - Concentration in uranium-bearing effluent streamV - Concentration in waste streamx - Concentration in extractant stress
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Figure V-3

HTU vs. PULSE FREQUENCY
RA COLUMN EX T RACTION SECTION

Source of Data
Diffusing Component*

Flowsheet Conditions:

H.TU. Calculations:

Column Inside Diameter:

Plate Section.

Pulse Amplitude

Legend;

C=

Extrapolated from HW-19170, Figs.6,7,8,tO.
UNH.

TBP-HW Ni 4.

Over-all Aqueous-Film Basis.
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Holes, 23% Free Area.
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Figure 7-4
RTU. vs. PULSE FREQUENCY

RC COLUMN

Source of Data:
Diffusing Component:

Flowsheet Conditions:

H.T.U. Calculations

Column Inside Diameter:

Plate Section:

Pulse Amplitude:

Legend:
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Pulse Frequency,

Extrapolated from HW-19170, Figs. ll,12,13,15,16.
UNH.
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Figure 1-5
FLOODING CAPACITY vs. PULSE

RA COLUMN
FREQUENCY

Source of Data
Flowsheet Conditions*

Column Inside Diameter.

Plate Sections :

Pulse Amplitude:

Interpolated from HW-19170, Fig. IS.
T8P-HW N2 4.

20 In

Plates with 1/8 In Holes, 23% Free Area.

Plates Spaced at 2 In. (Face to Face).

Height ' 3.17 Ft. in Scrub, 12 Ft in

Extraction Section.

1.28 In

10 20 30 40 50 60 70 80 90 100

Pulse Frequency, Cycles Per Minute
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VELOCITY

TION SECTION

Source of Data

Diffusing Component:

Flowsheet Conditions:

H T.U. Calculations:

Column Inside Diameter:

Plate Section:

Pulse Amplitude:

Extrapolated from HW-19170-, Figs. 6,7,10.
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Figure V-I
OPERATING DIAGRAM FOR RA COLUMN
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Figure 1-6
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Source of Data
Flowsheet Conditions:

Column Inside' Diameter:

Plate Section:

Pulse Amplitude:

Interpolated from HW-19t70, Fig. 21.
TBP-HW N2 4.

30 In.

Plates with 1/8 In

Plates Spaced at 2

Height - 12 Ft.

0.57 In

Holes, 23% Free Area.
In. (Face to Face) -

0 40 50 s 70 so 90 100
Pulse Frequency, Cycles Per Minute

DECLASSIED

FLOODING CAPACITY

HW-19140

rn
Cd

r
m
C','
a- 2 QOC

100

C

'0C

Pulsed Volume Veocity

.1--/

The frequency of the plant
Pulse generator may be varie
within this range

" ifl 20 *f l - -

14

13

12

11

o

4.

9

0

0

7

6

5;

4

2

110

I

0

vs PULSE FREQUENCY



Figure Y-8 DECLASSItb 9 40
HTU. vg VOLUME VELOCITY

RC COLUMN
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FIGURE I-9 H

DECONTAMINATION IN THE RA COLUMN
Effect of Fission--Product Distribution Ratio

Basis: (a) Feed: scrub: extractant volume flow ratios. - 0.5:2.5. (b) F IsuofIonProduct distribution ratios in the portion of the extraction sectionjust below the feed tee equal to those in the scrub section. (c)"Over -all organic- film" transfer units in the scrub section.
Nomenclature: E; - Distribution ratio in the scrub section, g. ot lp. per liter of organicphase divided by g. ot f, pL per liter of aqueous phdse.V- Organic phase flow rate, volume per unit timeL Aquous phase flow rate in the scrub section, volume per unit time.P- extraction factor V/L
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HW-19140

Fig. Y-10FIGURE E - 10
DECONTAMINATION IN THE RA COLUMN

Effect of Fission - Product Distribution Ratio
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PART II: PROCESS, continued

CUAPTl VI. SOLVENT-E2TcACTION PROCEUBE.

COTENIS Page

A. ENGI1ER'S FLOW S .TCH........................... ... 602

1. Introduction .......................................... 602
2. Interpretation of the Flow Sketch ........................ 602

B. NORMAl. PROCE E ................. .............................. 602

1. Introduction ................. . -............. 602
2. Steady-State Operation ........... ........................ 603
3. Startup....................-. 

. ......... ,.. 604
. Shutdown............................................. 604

C. FMEDYT OF F-STAIDARD CODNDITIONS ............................. 606

I. Specifications ..-............. .......... 606
2. Detection of Off-Standard Conditions .................... 6073. Use of Column Static and Differential Pressure Readings ... 608

3.1 Detection and remedy- of flooding .................... 608
3.2 Detection of high uranium loss ..... ................. 6084. Rework of Off-Standard Process Streams ....... 1.......... 6o84.1 Off-standard waste, streams ......................... 609
..2 Off-standard uranium product (RCiT) ................. 609

DECLASSIMED

~'" -A

W _04*



DECLASSIFIED s
CHAPlER VI. SOLVENT-EXTACTION PROCEDULE

A ENGINEE S FIO SKETCH

1. Istroduction

A brief over-all .description of the uranium recovery process is

presented in.Chapter I in connection with the discussion of the chemical

flowsheets. The purpose of this chapter is to describe normal and off-

standad operating procedures for the solvent-extraction portion of the

process. An engineer's flow sketch will be utilized in this description,
as well as to indicate the process streams and equipment employed. The

reader is referred to Chapters IV, V, XV, and XVI for detailed background

information on solvent-extraction process chemistry, process engineering,
and equipment.

2. Interpretation of the Flow Sketch

The engineer's flow sketch presented as Figure VI-1 schematically
shows the process streams and equipment for the solvent-extraction portion

of the uranium recovery process. This figure indicates more of the de-

tails of the process than the chemical block diagrams of Chapter I, but
less detail than the engineering flow diagrams of Chapter XIV. In order

to indicate the connections between the feed concentration, solvent-ex-
traction, and waste concentration steps, the equipment associated with all

three steps is shown in the engineer's flow sketch. It will be noted that

the flow pattern is such that two parallel streams (each nominally handling

5 tons of uranium per day) proceed through the feed concentration and sol-

vent-extraction equipment. The streams then join and are processed through
one of three alternative waste concentration batteries. The tanks, columna,
control equipment, and stream flaw rates necessary to process 10 tons per

day of uranium are noted. Additional information covering such items as

lubrication lines, electrical lines, connectors, and spare connectors may
be obtained from the engineering flow diagrams in Chapter XIV. Exact

dimensions of process equipment may be found in the detailed mechanical

design drawings for the specific equipment picces.

B. NORMAL PROCEDU=E

1. Introduction

The principal equipment items of the solvent-extraction cycle are two

parallel pairs of pulse columns, BA and RC, for countercurrent liquid-
liquid extraction. The compositions and flow rates shown on Figure VI-1

correspond very closely to those presented in the TBP-HW No. 4 Chemical Flow-

sheet (see Chapter 1) at a uranium production rate of 5 tons per day in
each of the two parallel processing lines. The satisfactory operating

range of the installed equipment, however, covers a much broader range of
conditions as a result of the flexibility designed into the plant. Thus
it is possible to operate the various processing units, including the

pulse solvent-extraction columns, over a range of uranium production rates
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from 2 to tons per day. without exceeding the allowable uranium wastelosses.

2. Steady-State O-eration

The first (RA) extraction column is a compound column consisting ofan extraction and a scrub section. In the extraction (lower) section ofthe column, uranium and some fission products and plutonium are extractedfrom the continuous aqueous phase into the rising, dispersed organic phase(RA).. In the scrub (upper) section of the column, the rising uranium-laden extractant is countercurrently contacted by a scrub solution (AS),which scrubs the bulk of the fission products and plutonium from the dis-persed extractant. The influent and effluent streams involved in columnoperation are as follows:

The aqueous uranium-bearing feed (RAF) is pumped through a record-ing and controlling rotameter from the RAF Feed Tank, TK-19-6, to an inter-mediate feed point,, between the scrub and extraction sections, of the RAColumn, ET-19-8. The aqueous scrub stream (RAS), containing ferrous am-monium sulfate as a reductant, sulfamic acid as a holding agent for thereductant, and nitric acid as a salting agent, is fed through a recordingand controlling rotameter to the top of the RA Column. The aqueous wasteeffluent from the RA Column (RAW) should contain not more than 0.5% ofthe entering uranium. The rate at which this stream leaves the columnis controlled by the interface dip tubes located at the top of the column.After being collected in the RAW Receiver Tank, TK-±-07, the aqueouswaste is pumped under liquid-level control to the Poled RAW-ROW ReceiverTank, TK-l3-6.

The organic extractant (RAX), TBP-hydrocarbon mixture, is pumpedfrom the PAX Feed Tank, TK-20-6, through a recording and controllingrotameter to the bottom inlet of the RA Column. The organic effluent,EAU, leaves the top of the column and contains the bulk of the uraniumfrom the RAF, together with a small fraction of the original quantity offission products. It flows by gravity to the bottom of the BC Column,ET-19-2.

The function of the RC Column is to strip the uranium from the or-ganic into an aqueous phase. This is accomplished by contacting thedispersed organic phase (RCF) with a slightly acidified aqueous stream(PCX) introduced at the top of the column through a recording-control-ling rotameter. The effluent ThP-hydrocarbon organic phase (Rev) leavingthe top of the PC Column should contain not more than 0.5% of the uraniumcontained in the RAF.

The RCW stream, after leaving the column, flows to the RCW ReceiverTank, TK-9-1, and is then processed in the RO Column. The flow rate ofthe effluent aqueous stream (BCU) from the PC Column is controlled bythe column interface dip tubes located at the top of the column. Thisstream flows by gravity (through a flooded jet, which may be used toempty the column) to the RCU Pump-Out Tank, TK-19-3, and is then pumped.
under liquid-level control to the ROUY Receiver Tank, T-16-1.
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All non-radioactive aqueous influent streams to the solvent extrac-

tion battery are gravity fed from tanks situated in the "cold" section

of the ThP Plant (Building 221-U). The "cold,, organic influent stream to

the solvent-extraction column is fed directly from the AX Feed Tank,

TI-20-6 (located in Cell 20 in the canyon).

It will be noted that flow rates of the Ws RAS, RAX, and ECX streams

axe controlled by recording-onftrOflling rotameters. The flaurates of the

RAW and ECU streams are controlled by interface dip tubes located at the top

of each column. A.l these instruments are automatic, but can be operated

manually when required, e.g., when the equipment is started up or shut

down. Differential and static pressure recorders are also provided on each

column as a means of detecting flooding conditions in the columns andas an

aid in the early determination of any excessive uranium losses. A func-

tional description of the instruments is given in Chapter X11.

Auxiliary equipment shown on the sketches, such as strainers, samplers,

Jets, and pumps, is described in Chapters XVI end XVII.

3. StartuP

The preceding discussion has dealt with steady-state operation of the

columns. In order to avoid unnecessary waste losses or an off-standard

uranium stream in establishing steady-state operation, a startup procedure

similar to the following is employed:

(a) The TBP-hydrocarbon organic extractant (1AX) flow to the RA

Column is started.

(b) As soon as the BA Column is filled with the organic extractant,

the pulse generator is started, and the "cold" aqueous flow

(BAS) is established.

(c) The organic overflow from the bA Column filis the C Column while

correct interface conditions are being reached in the RA Column.

(d) When the RC Column is fined with the organic phase, the RC pulse

generator is started, and the "cold" aqueous flow (PCX) is estab-

lished.

(a) After the interfaces in 
the two columns have been established, 

the

introduction of the-radioactive feed (RAF) to the RA Column is

started.

The control instruments are manually operated while flows are being

increased or decreased, but when flows become steady the instruments are

shiftd to automatic control.

4. Shutdown

When the TBP Plant solvent-extraction columns are to be shut down, a
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reversal of the above-mentioned startup proc.edure, as outlined below,
±a followed.

(a) The feed (BA) to the BA Column is shut off.

(b) Stripping uranium from the columns is then carried out for a
periodof about 10 to 15 minutes. It is estimated that about
300 gallons of organic extractant will be required to extract
the uranium from the aqueous phase in the plant-size RA Column.
With the flow rates shown on Figure VI-l, approximately 300 to500 gallons of RAX will be used if stripping is carried on for
-10 to 15 minutes. Increasing stripping time will therefore be
required if the solvent-extraction battery is operating at auranium production rate lower than 5 tons per day (or, alter-
natively, the RAX flow may be increased at the beginning of the
stripping operation).

(c) After the column stripping is completed, the RAX flow is dis-
continued, but pulsing and the addition of RAS is continued,
When the PAX flow ceases, the organic phase normally dispersed
in the column gradually rises to the top. This is accompanied
by a temporary decrease in the aqueous effluent (RAW) flowrate as the aqueous feed takes up the volume previously- oc-
cupied by the dispersed organic globules., As soon as the dis-placed organic phase is replaced,the interface level returns toits normal position and the RAW flow rate resumes a value equalto the RAS flow rate.

(d) The organic phase above the interface in the RA Column is dis-placed by the continued addition of RAS. This requires manual
operation of the interface controller in order to allow the
aqueous level to rise above the normal control point. Topphase disengaging section specific gravity readings, based onthe differential pressure between the top two of the threedifferential-pressure dip tubes, provides an indication ofwhen essentially all of the organic phase has been displaced
from the column.

(e) RA Column pulsing and the addition of RAS are discontinued.

(f) Normal operation of the RC Column is continued until the flowof RCF(RAU) ceases. The sequence of events in the RC Columnduring this period is very similar to the operation of the RAColumn when the organic feed was shut off. That is, the organicmaterial normally present in the column gradually rises to thetop. Simultaneously, the organic phase is replaced by theaqueous influent (RCX). During this period the interface leveldrops and the flow of aqueous effluent (RCU) decreases. Afterthe organic replacement has been completed, the organic-aqueousinterface level resumes its normal position. The nearly-normalRCU flow,-equal to RCX flow, is then reestablished by the auto.matic controller.

DECLASSIFIED



DECLASIED 6 06 60

(g), The organic phase above the interface in the RC Column is dis-
placed by continued addition of RCX. This is accomplished by
manual operation of the interface controller in the same manner
as described under (d), above.

(h) Pulsing of the RC Column and the addition of RCX are discontinued.

(i) At this stage, both the-RA and RC Columns contain only "cold"
aqueous solutions. These- solutions may be drained into the RAW
or RCU Receivers, respectively, by manual manipulation of the
automatic interface controllers.

If direct maintenance is required in the column cell areas, it is
possible to introduce special decontamination solutions into the head tanks
for decontaminating the inside of a particular column or other "hot" equip,
ment piece. Wall sprays are also available for cleaning the cell and the
outer surfaces of the equipment.

C. RDODY OF OFF-STANMARD CONDITIONS

1. Specifications

Parity specifications for the product of the TBP Plant and the per-
missible losses to waste streams have not been firmly established and prob-
ably will not be until operation of the plant, has made it possible to de-
termine the performance under normal running conditik.'s. Firm product
specifications and the decisions as to when an off-stndard stream is to be
reworked will be based on a balance among several considerations. The pos-
sible deleterious effects of the off-specification material on subsequent
processing, the value of the uranium in off-standard waste streams, and the
cost of meeting the specifications by normal operation or by rework will be
major factors in the decision.

At this writing, tentative specifications for decontaminated uranium
(RCU) are:

Impurity Maximum Concentration

Beta radioactivity from 1 x 10-7 absolute curie/g.U
fission products

Gamma radioactivity from 5 x 10-8 absolute curie/g.U
fission products

Plutonium 1 part/107 parts of U (0.1 p.p.m.)

Iron 1 part/103 parts of U (1000 p.p.m.)

Sodium I part/103 parts of U (1000 p.p.m.)

POC 2 parts/103 parts of U (2000 p.p.m.)

Ni, S, Mo, Cr, W, Si, B 1 part of each/10 parts of U (100

p.p.M.)
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The maximum permissible total uranium losses toth solvent-extraction
battery waste streams will be finally set after the plant is in operation,
but will probably not exceed about 2.0% of the uranium in the RAF feed.

2. Detection of off-Standard Conditions

During routine plant operation, it is expected that only three
streams leaving the holvent-esxtraction cycle Vill be monitored by anal-ysis for off-standard conditions. These streams are the uranium effluent
stream. from the RC Colun (CU), the fis sion-product-laden waste stream
from the BA Column '(RAW), "and the organic effluent (PCW) from the BC
Column. After detection of off-stanared conditions in an effliuent stream,it will be necessary to check systematically back through the possible
sources of. error until the specific cause is discovered and corrected.

Generally, detection of an off-standard uranium or waste effluentstream calls for an immediate check of readings supplied by the instru-ments for each colunm. These readings include:

(a) flow rates of all influent streams;

(b) pressure readings from the differential and static pressure
taps (to detect possible flooding, or in some cases4 high,
uranium loss);

- c) specific gravities of influent streams;

(d) radiation recorder readings (if required).

Flow rates of all influent process streams to the TBP columns arecontrolled by Hamel-Dahl diaphragm-operated motor valves positioned byFoxboratrecorder-controllers. Normal control of flow rates is automatigpexcept during-periods of startup and shutdown. If the flow rate of aparticular stream, as indicated by the recorder, is suspected of beingincorrect, it is possible to obtain a cross-check by the use of feedtank.eight-factor readings. -

The flow control, static and differential pressure, and radiationinstruments are described in Chapter XIX, There are four dip tubes oneach of the-BA and BC:Columns for indicating static and differentialpressures. One of the dip tubes (the static pressure tap) is locatedbelow the perforated-plate cartridge. The other three tubes in eachcolumn are located in a cluster (6 inch vertical spacing between thetop and center tubes and 6-inch vertical spacing between the center andbottom tubes) just above- the perforated-plate cartridge. The differ-
ential pressure measured across the top two of the three dip tubes isinfluenced primarily by the density of the organic effluent from theparticular column in question. During normal operation the aqueous-organic interface level in the column is between the bottom two of thethree dip tubes. Thus, variations in the differential pressure acrossthese two tubes will indicate a change in the interface level. Thelocation of the static and differential pressure taps on the solvent-
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extraction columns and the technical basis of their use are discussed in
Chapter V.

3. Use of Column Static and Differential Pressure Readings

3.1 Detection and remedy of flooding

Flooding in the solvent-extraction columns is detected by the use of
remote instruments, because of the high radiation level of the process
solutions. Chief reliance for the detection of flooding is placed on the
static pressure readings for the column under consideration. At flooding,
there will be a drop in the static pressure reading as the lighter organic
(dispersed) phase tends to fill the columns. A secondary effect will be
erratic changes in aqueous effluent rate as the controller attempts to
steady a changing interfaae by regulating the aqueous effluent flow rate.
The normal readings of the instruments will be known from calibration
during initial column operation.

Generally, a flood in a column is dissipated by reducing the influent
stream flow rates and/ or the pulse frequency and then waiting until the
operation of the column is restored to normal. It should be noted in this
connection that if the pulse frequency is reduced too far (i.e., to a point
at which the pulsed volume velocity is less than the volume velocity of the
combined column influent streams) the flood will not be dissipated. After
normal operation is established, the flow rates and/or pulse frequency may
be returned to operating level:z. If non-standard conditions (such as emul-
sification or plugging of the ptaking) are the cause of flooding, it may be
necessary to shut the plant down until these conditions are remedied.

3.2 Detection of high uranium loss

The organic phase effluent density, as determined by pressure measure-
ments, gives an indication of gross uranium losses from the columns. In
the RA Column, a decrease in the organic effluent (RAU) phase density will
usually indicate that excessive losses are occurring. In the RC Column an
increase in the organic effluent (RCW) phase density, or an increase in
the static pressure at the base of the column, may give warning that ex-
cessive uranium losses are occurring. It should be borne in mind, that
these pressure measurements also reflect changes in other variables, such
as uranium concentration in feeds, flow rates, ENO concentrations, and
salt concentrations. However, under normal steady-state operating condi-
tions, a fluctuation in the above pressures may give warning that uranium
losses have markedly increased. A normal or special sample from the pool-
ed RAW-ROW strecms will provide a check on column operation. A more de-
tailed discussion of the technical background for interpretation of column
differential pressure measurements is contained in Chapter V.

4. Rework of Off-Standard Process Strems

Any required rework of off-standard process streams in theTBP Plant
will normally involve one of the following two streams;
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(a) the pooled RAW-ROW waste stream--to recover excessive uraniumlosses; or

() the final uranium product stream (RCU)--to decontamInate theuranium from an excessive plutonium and/or fission productcontent. pou

Methods of reworking these off-standard streams are discussed below.

4.1 Off-standard waste streams

Excessive uranium losses in the waste streams of either the RA orthe RC Columns are ultimately detected and corrected in the same manner.Due to the process flow involved in the TBP Plant, uranium lost in thecolumns is combined in the Pooled RAW-ROW Rcceiver, TK-13-6 . Uraniumin the RAW waste stream flows through an RAW Receiver to this Tank,Faulty operation of the RC Column causes a uranium buildup in the RCW(organic waste) stream. The uranium is thence transferred in the RO Columntothe ROW (aqueous waste) stream. The ROW stream flows through an BOWReceiver to the Pooled RAW-ROW Receiver. The combined RAW-ROW streamflows to one of four Waste Sampler Tanks (Tr-ll-i, 22-1, 12-6, or 13-1).- The RAW Receiver, ROW Receiver, Pooled RAW-ROW and Waste Sampler Tanks areall provided with samplers. Under normal operating conditions, the fol-lowing uranium determinations will be made.

Sam e Frequency

RAW Receiver 2 per week
ROW Receiver 4 par week
Pooled RAW-ROW Receiver 21 per week
Waste Sampler Tank Uranium determinations made only if

Pooled RAW-ROW Receiver analyses
indicate high losses

If the samples indicate an excessive quantity of uranium in theWaste Sampler Tanks, the waste is routed to the Waste Utility Holdup Tank,TK-4-6, and thence is reworked via the solvent-extraction cycle FeedTanks. The RAW and ROW streams cannot be reworked separately.

No rework provisions are made directly for excessive quantities ofuranium in the ROW. Should this situation develop, the uranium is strip-ped from the organic phase in the RO Column, and the waste stream (ROW)is reworked, if desirable, in. the wasto rowork systom described above.

4.2 Off-standard uranium product (RCU)

Off-standard uranium streams that do not meet specifications withrespect to iblutonium content or decontanmination from fission products aredetected in either the RCU Receiver, TK-16-1, or the RCU Sampler, TK-15-1.Disposition of this material is made to the Food Utility Holdup Tank,T[-,4-r, from which the off-standard batch may be reworked through the
extraction cycle by blending with normal food.
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PART II: PROCESS, continued

CHAPTER VII. CONCENTRATION OF RECOVFRED URANIUM
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CdAPED VII. C=lCEflTATION CF BECOVE1ED URANIUM

A. PROCESS VESCRIION

1. General

It has been specified that the uranium end-product of both the EOdOI

and TBP processes (3EU and ECU, respectively* e transformed to the uranium

triozide (U03) state for off-plant shipment. 3) The concentration of these

mixed uranyl nitrate (UNH) solutions to a- degree satisfactory for charging

to the UNE Calcination Pots (see Chapter VIII) is described in this chapter.

Redox ;3u is normally concentrated to about 60% UNE by weight before

leaving the Redox Plant. In order to avoid confusion between concentration

states during discussion of the additional concentration applied before this

UNK solution is suitable for charging to the Calcination Pots, the partial-

ly concentrated 3W solution leaving the Rodox Plant is designated in this

chapter as 3W1 (concentrated to 60* Un).

ECU and 3E (concentrated to 60% UH1) are mixed and concentrated to

a uranyl nitrate concentration corresponding to about 80 to 100% til. As

discussed in Chapter VIII, the concentrated product stream is fed to the

Calcination Potsr,vhnre the UE is calcined to U03'

In this chapter uranyl nitrate concentrations in solution are expressed

as per cent uranyl nitrate hexabydrate (UNH). This mithod is merely a con-

venient convention and implies that if the solution were 
cooled to its

freezing point, URN would separate from solution as a solid phase.

2-. Concentration

The UN! concentration of ECU will probably range from about 5 to 7% ONE,

reflecting variations in uranium concentration in the solvent-extraction

battery feed and the manipulation of other Column influent stream flow rates

to compensate partially for these variations. The design of the concentra-

tion system is based upon a 5% UNE RCU since this represents the more con-

servative approach. The UE concentration of incoming 321, which mixes with

the ECU, is about 60%.

The final UNE concentration -reached in the system is about 100% UN!

(exact figure to be determined during operation). During such a large

volume change the physical properties of the solution change markedly. Re-

ference is made to Chapter IV for data on cho uranyl nitrate phase diagram and

and on density, viscosity, specific heat, and ather properties, as a function

of temperature and U11H concentration.

The Product Evaporators (E--l, E-D-1, and E-D-2) are long-tube, vertical,

natural circulation type concentration units. They are described in detail in

Chapter ZVI. A schematic drawing of one of the Evaporators is presenrted on

Figure VII-]. and may be referred to for additional clarity in the following
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description. Briefly, dilute UNH solution entering the Evaporator mixes
with recirculated, more concentrated solution and rises through the ver-tical tubes as heat is transferred to the solution from condensing steam
on the outside of the tube walls. The effective liquid level in a dawn-
ccmer exerts a static pressure on the liquid at the bottom of the tubes,As the liquid rises in the tubes some is vaporized, thus reducing the den-
sity of a unit volume of liquid-vapor mixture. As long as the total
pressure (due to the weight of the contents of a tube and the velocity
pressure drop of the mixture rising through the tube) does not exceed thestatic pressure available at the base of the tubes, the vapor-liquid massjets upward into the vapor space of the Evaporator. The vapor is sepa-rated from the concentrated liquid, which returns to the base of the Evap-orator through a downcomer for recycle by blending with dilute feed or forwithdrawal as product.,

Liquid deentrainment from vapor is accomplished both by interception
of the liquid particles on an impingement plate (which also acts as a focmbreaker) and by reduction of vapor velocity, due to vapor expansion, to apoint where settling of some of the liquid droplets can take place. Addi-tional deentrainment is gained by the abrupt changes of direction of thevapor as it passes through a Peerless Mist Separator (which consists of aseries of 'T' plate baffles) in order to reach the vapor exit line of theEvaporator.

3. Nitric Acid Fractionation

The total amount of deentrainod water vapor from the Product Evapo-rators (E-B-1, E-D-1, and E-D-2) contains approximately 1.5 to 2 weightper cent nitric acid. Evaporators E-B-I and E-D-1 normally contributeabout 96% of the total vapor volume, but only about 50% of the total vapor-ized nitric acid. Evaporator E-D-2 contributes the remaining 50% of thenitric acid in only about 4% of the total vapor volume. Two Nitric AcidFractionators (T-B-4 and T-D-4) are provided for separating the two chiefcomponents of the vapor mixture (nitric acid and water vapor). The Frac-tionators are described in detail in Chapter XVI.

The Fractionators my be operated with several variations in themethods of feeding them. Normally, however, the entire amount of vaporproduced in Evaporator E-D-2 will be routed to Fractionator T-D-4 (througha connection into the vapor space of Evaporator E-D-1), and all of the 40%nitric acid produced by the absorption of nitrogen oxides evolved in theUNE calcination reaction (See Chapter VIII) will be routed to either free-tionator unit. As described in Bl, below, the vapor from Evaporators
E-B-1 and E-D-1 will be apportioned about 38% to the factionator unit re-ceiving the 40% acid and about 62% to the remaining unit in order to main-tain approximately the same heat loading on the reboiler of each fraction-ator unit.

Each Fractionator consists of two sections, an upper 8-1/2 ft. diam-eter section and a lower 5-ft. diameter section, each of which containsbubble-cap trays.
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A typical operating diagraM for one of the iXitric Acid FractionlatOrs

is presented in Figure M-2. Te operating conditions illustrated by

Figure V11-2 differ from those presently conceived of as "norm"al in the

discussion above; however., an operating diagram, similar to that illustrat-

ed may be constructed for any desired method of Fractionator operation.

Specifically, the operating diagram of Figure V11-2 illustrates the

following:

(a) vapor feed to the Fractionator at a rate of about 21,700 pound

moles per day consisting of 1.7 weight per cent nitric acid

(vapor feed rate corresponds to processing the vapor evolved

when 5 tons of uranium per day in the form of a dilute 5% UIM

solution are concentrated to 100% U), and

(b) liquid feed to the Fractionator at a rate of about 1350 pound

rHl moles per day consisting of 40 weight per cent nitric acid

(liquid feed rate corresponds to processing the 40% acid formed

C 3by absorption of all of the nitrogen oxides evolved during the

calcination of UM at a rate of 13-1/8 tons of uranium per day).

Referring to Figure VII-2, the vapor composition (y), expressed as

moles of E0 per mole of vapor, and the liquid composition (z), express-

ed as moles ;f EN03 per mole of liquid are plotted on logarithmic scales.

The equilibrium line for the l03 "J 2 0 system is shown as curve A-B.

The descriptive legend o Figure V11-2 illustrates that vapor feed

(yo. 0.0049 mole fraction 3*3) enters the Fractizmtor at the juncture be-

twreen the tto sections (between the 8th and 9th 
plates from the bottom) and

that liquid feed (xf, 0.16 mole fraction HK03) enters on the 4th plate from

the bottom. (Hover, under the specific coniditions illustrated by the oper-

ating diagram it is apparent that plate 2 is the optimum plate for intro-

duction of liquid feed.) Vapor rising through bubble caps of the 9th plate

comes into contact with the liquid on this plate and partially condenses with

the liberation of enough heat to vaporize an E0 3 -%H mixture richer in %0

than the vapor condensed on the plate. The same phenamnof occurs on every

plate, i.e., vapor passing up through the bubble caps of a plate contacts

liquid which is richer in the more volatile component (water) than is the

liquid on the plate below it, and a new vapor, correspondingly richer in

H20, is evolved from the plate.

Condensed overhead vapor (xi) is used as reflux to the top (17th)

plate of the Fractionator. The design of the Fractionator is such that the

overheads are substantially free of nitric acid ('npor overhead composition,

yQ= 0.00018 mole fraction ENO, corresponding to a pE of 2 or about 0.06

weight per cent ENO3).

A reboiler in the base of the Fractionator furnishes the heat required

to attain the desired fractionation in the lower section of the unit and to

vaporize the reflux liquid. The nominal composition of the bottom liquid

product (xp - 0.30 mole fraction 3N03) is 60% nitric acid.
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The operating line on Figure VII-2 consists of three distinct por-tions The portion of the Fractionator between the vapor feed inlet pointand the vapor product outlet is represented by curve yo-C, the operatingline with the equation

y - 0.168 x + o.oo=15
The portion between vapor feed inlet and liquid feed inlet is representedby curve C-fl, the operating line with the equation

y - 0.92 x - 0.022

The portion between liquid feed inlet and product outlet is representedby curve fl-xP, the operating line with the equation

y = 1.21 x-0.063

The slope of the t " line yr 0 which locates point C, the intersectionpoint between the operating lines above and below the vapor feed inletpoint, is slightly less than zero (although not discernible from zero)since the vapor teed is somewhat superheated. The slope of "q" line re-Dwhich locates point l, the intersection point between the operating linesabove and below the liquid feed inlet point, is about 11 since the in-coming liquid feed is cold. (For exact methods of determining the loca-tion and slope of operating lines and q" lines see reference 2).

The theore cal plate requirements for each section of the Fraction-dtr are indiated in the conventional stepwise manner for McCabe-Thielediagrams on Figure V17-2. The figure indicates a theoretical plate re-quirement of between 1 ard 2 for each of the three sections of the Frac-tionator. However, there are actually 4 bubble-cap trays plus the re-boiler below the liquid feed inlet point, 4 trays between liquid andvapor feed inlets,, and 9 trays above the vapor feed inlet. A possibleactual operating condition is illustrated by steps drawn in solid lines(which represent the actual bubble-cap trays) with the following assumedtray efficiencies:

(a) 50% Murphree vapor efficiency for plates in the section belowliquid feed inlet and for the reboiler,

(b) 45% Murphree vapor plate efficiency in the section betweenliquid and vapor feed inlet, and

(c) 35% Murpbree vapor plate efficiency in the section above vaporfeed inlet. 
i h eto bv ao

It is noted that with the assumed tray efficiencies neither point Cnor point D corresponds exactly to the specific plate where feed materialis actually added. The condition where the actual feed plate does notcorrespond to that calculated to be the optimum (in this case platoe 2) isnot unusual and means that instead of shifting from one operating line to
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another at point D or C, the old operating line is followed until the

actual feed plate is reached. At the actual feed plate location (plates

4 and 8), the operating line for the section above the feed plate is fol-

loved. Since the feed to Plate 4 is liquid, the vapor rising from plate 4

has a composition corresponding to line 9-. Sine the feed between,

plates 8 and 9 is vapor, the liquid on plate 9 has a compostion correspod-

ing to line G-E. It my be noted that with the arbitrarily assumed effi-

ciencies a somewhat greater than required nitric acid separation from the

overheads is attained(i.e., the mole fraction EN 3 in the overheads Is less

then the yo of 0.00018).

Trace quantities (about 0.002 to 0.008 g./l.) of chloride ion MY

enter the organic phase of the RA Coluam and eventually appear in the Nitric

Acid ractiorat r Since the chloride ion favors a solution consisting of

about 25 Onaft13 1 it is expected that bubble-cap trays containing liquid

about 2% HN , t is composition (about the 6th tray from the bottom) will

contain this ion and will, in fact, tend to accumulate it. Since ECl is

g more volatile than fO it is boiled up from the concentrated solution, end

since it is very soluble in water, it is dissolved in the reflux liquid 
in

the top of the Fractionator. Because the chloride does not tend to pass

out of the Fractionator in the overhead vapors or concentrated acid bottoms,

most of it accumulates in the Fractionator until purged as a side strewn.

As discussed in Chapter III, corrosion of stainless steel by strong

nitric acid solutions containing chloride concentyftiots greater than

about 200 to 500 p.p.m. may be excessivO. (2)A remedy for this condition,

shou..d it occur, is discussed in Subsection 
B2, below.

B. P2EDUPE

1. Normal Procedure

1.1 General

The facilities for concentration of recovered uranium are designed 
on

the basis of the ability to process the mexinfl instanitanfeous capacities

of both the Eedox Plant (at 3-1/8 short tons u/day) and the Uranium Re-

covery Plant (at 10 short tons U/day) to a farm suitable for charging to

the UNH Calcination Po-cs. The succeeding discussion is based upon these

capacities. Reference is made to the Engineer's Flow Sketch presented as

Figure I1-3 for a functional schenatic presentation of the processing

facilities provided. A portion of Figure VII-2 presents a Material Balance

Flowsheet for the concentration operation.

1.2 ConcentratiOn

The 3CU3 stream is received from the 221-U Building in either Feed

Tank X-1 or X-2, where it mixes with 3EU (concentrated to 60 unE) from the

Bedox process. Each vessel has a holdup capacity of about one day. The

mixed UIE solution is pumped from either TK-X-l or TK-I-2 by monifolded
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centrifugal pumps to the Feed Preheater, E-B-6.are provided. Normally, they are used alternatew. The total flow rate
a heC pdis about 66.5 gal. mn. This flow rate corresponds toa 5%-rniCUp and a 60%-A2a.brj (concentrated to 6o% UI) mixed solutionand, as discussed under AQ, above, probably represents a slightly greater

flow rate than average. During Passage through~ the Peed Preheater thesolution temperature is raised from about 707. to about otert.
Two identical, Parallel concentration lines are provided for concen .trating the dilute 13M solution. Each line has been designed for a ca-pacity atf about 6 to 8 tons o uranium per day if the solution is con-centrated from 6. to about 55 to 65% TN . Because of the expected in-creased rate of evaporator corrosion at higher UNE concentrations andelevated temperatus, a separate, sml, more-conveniently-replaceableEvaporator, E-f-2 is provided to concentrate the solution from 55 to 65%thE up to about 100% t33 Normally, feed will be apportioned betweenthe two lines so that the eating load on the N0 2 Fractionator reboilersis approxtitely equal. It all the 4% nitric acfd from the gas absorb-Ing system (note flow sketch, Figure C7-i) enters one Fractionator, as isthe normal case, the uianium-bearing Concentrator feed will be distributedapproximatelY 38% to the line receiving the 40% acid and approximately62% to the remaing line. The concentration-fractionation system re-ceiving the 40% acid is described below.

filute feed (at a nominal rate of 25 gal./Min-, 38% of total feedrate) enters the base of the Evaporato-, E-B-i, and mixes with recyclematerial. (The inlet point is baffled 'rom the concentrate outlet, whichis also in the base of the unit.) The solution passes up the inside ofthe vertical tubes, absorbing heat nd partially vaporizing as it rises,and jets up from the open ends of the tubes. The vapor-liquid mixturestrikes impingement baffles, which aid in separating the phases. Thevapors expand into a low velocity zone and are then directed through apath requiring abrupt changes in direction before finally reaching thevapor exit line. Liquid separated from the vapor returns to the base ofthe Evaporator through a dovncomer line (which is separate from the heattransfer portion of the unit) and is either mixed and recycled withfresh, dilute feed or withdawn as Partially-concentrated product to theUN Tank, TI-C-i.

The Partially-concentrated solution (55 to 65% UN) in TX-C-l ispumped to the feed inlet of Evaporator E-f-2. The operation of E-f-2 issimilar to that of E-B-1. Vapr from E-D-2 is normlly routed to thevapor exit line from Evaporator E--. The concentrated (approxiately100% ONH) bottorm from E--2 flow by gravity into Storage Tank X-19. Aweight-factor controller. for each Evaporator maintains a constant head inthe down-cor (and a moreor less uniform effective liquid level in theEvaporators) by actuating a control valve in the concentrated product

A pressure indicator-controller regulates steam pressure (hencetemperature) in each Evaporator steam chest. The entire unit is compari-tively insensitive to variations in feed composition and feed rate.
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A 10% concenltrationl or flow rate variation Of the feed results in Only

about a1% variation in the COMPOsiti of the Product stream.

1.3 Nitric acid fractionation

Approximately 400G std. cu. ft. /.1.. of water vapor contaiing about

0.9 weight percent HN03 passes fromo Evaporator 3-3-1 into Nitric Acid Frac-

tionator T-B-4. These figures are based upon the aoremntioed basis Of

38% of total ECU feed flow to LvaporatOr 3-3-1. As described in SubOGctiO

A3, above, the vapors are depleted inhnitric acid as they rise through the

bubble-cap plates, and the liquid is. enriched in nitric acid . it over-

flows from plate to plate. Practically acid-frOe water vapor issuing from

the Fractionator at about 5000 std.cu.ft./Ti. is condensed in Condenser

E-D-3 and routed to the Condensate Tank, TK-C-5. A portion of the corde)t

sate is returned as reflul (by flow control from a pressurized header) to

the top plate of the Fractionator at a rate of about 5 gal./min. Coaden-

Lfl sate not used a reflux is pumped at a rate of about 65 gal./minl. (total

from both Fractionators) to cribs via the 241-WE Diversion Station and

Condensate Tanks, TK-007, 008, and 009.

Steam flow rate to the reboilor in the base of the Fractionator is

controlled through measurement of the specific gravity of Fractionator

bottoms and mo7 be adjusted to produce the desired degree of product acid

concentration (normally 6%). The l&$ EO from the t4 HK0 Receiver,

TK-C-3, is added to the 4th tray up from ta , bottom of the 4actiantor at

a nominal rate of about 2.3 gal./mlf. xornafly, all of the 40O% acid is

routed to oe of the two identical Fractiontors (in this case T-B-4);

however, lines are available to each unit.

The 60% acid product overflows from the reboiler of the Frectiolator

through a heat exchanger and into the 60% 3W Receiver, TI-C- 4 . The acid

is pumped continuously (at a rate governed by -igfactor control ihstr-,

mentation in the tank) from DK-C- 14 to the Nitric Acid storage Tank, TK-006 ,

in the 241-WR Diversion Station for eventual reuse in sludge dissolution.

1.4 Stea useV

Because of the very large concentration load of Evaporators S-B-im

E-D-1, and E-D-2 (together with lesser heating duties of various other

equipment pieces), the greatest possible stea economy is required in order

not to exceed the steam production capacity of the 200 West Area Boiler

House. Excessive steam demand on the boiler house nay necessitate curtail-

ment of the uranium recovery program (rather than to curtail production).

Thus the total plant operating period required for uranium recovery might

be lengthened, raising unit recovery costs of urenim out of Proportion to

the value of the steam causing the curtailment.

As an aid in conserving steam, a thermo-Compressor system (see Figure

VII-3) extracts usable heat from Evaporator and Fractionator steam conden-

sates, and the temperature gradient between effluent condensate (at about

2120.) from the thermo-compressor system and incoming dilute feed (at about
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70tF.) is utilized in the Feed Preheater, E-B-6, to increase feedtemperature to about 150*F.

During peak capacity operation, stean pressure in the steem chestof the Evaporator is about 6o lb./sq. in. ga.(307t.). Fractionator re-boiler steam is at about 100 lb./sq. in. ga. (3380P.). Steam condensatefrom both sources passes through stean traps connected to Flash T:nk B-2,which is maintained at about 30 lb./sq. in. ga. A portion of the con-densate flashes to steam as it passes its trap; the reminder collects inB-2 and is discharged through a ste= trap to Flash Tank B-2-A, which ismaintained at about 5 1b./sq. in* ga. A ain, Part of the 30-lb./sq. in.ga. condensate flashes to steam at 5 lb./sq. in. ga. as it passes the trap;.the reminder collects in B-2-A and is discharged through a steam trapto Flash Tank -3,which operates at atmospheric pressure. Condensatefrom B-3 is discharged through a steam trap to the Feed Preheater forextraction of part of its sensible heat by incoming cold feed beforeev'entuanly finding its way to the Retention Basin.

Steam in Flash Tank- B-2-A (at about 5 lb./aq. in. ga.) is compressedto about 30 lb./sq. in. ga. by a thermo-compressor Jet fed by 225-lb./sq.in. ge. steam. The Jet discharges into the vapor space of Flash Tank B-2.Steam in Flash lnk B-2 (at about 30 lb./sq. in.ga.) is compressed toabout 60 lb./sq. in. ga. by a second thormo..compressor jet. This jetdischarges into the steam chest of Evaporator S-B-i. A pressure indica-tor-controner on the discharge line trom each thermo-compressor jet re-gulates Migh pressure steam flow to the jet in order to maintain a con-stant-pressure discharge. Flash Tank B-3 is vented to the atrasphere.

The overall steam saving attainable by use of the thermo-compressorand feed preheating systems is estimated to be 10 to 15% of the total *steam that would be required for Evaporators E-B-1, E-D-1, and E-D-2 ifthese heat:-saving systems were not used.

2. Remedy of Off-Standard Conditions

2.1 Fouling of Evaporator tubes

Partial loss of evaporation capacity, as evidenced by a more-dilute-than-normal product or increased steam pressure required to maintain agiven product composition, nay be an indication of reduced overall heattransfer coefficients due to scale formation in the tubes. If this
condition proceeds to the point where it cannot be compensated for byincreasing the ste= pressure, the offending Evaporator may be shut downslowly, drained, flushed, and scale-dissolving nitric acid solution(nominaly 60) may be sprayed into the top of the unit and recirculatedby boiling. After heat transfer rates have been reestablished, feed isreadmitted to the Evaporator without removing the acid solution.

Depending upon the processing rate at the time, part or all of theload may be thrust upon the other Evaporators during the shutdown. When-ever possible, the inventory in Feed Tanks X-1 and X-2 should be reduced
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prior to shutdown, to provide additional dilute feed surge capacity during

the period when one Evaporator is off the line.

2.2 Failure of feed supply to Evaporators

This condition may be detected by an alarm light from the Pressure

switchWhich valves in condensate to replace the interrupted feed supplyp

or by a drop in temperature in the Evaporator overheads (reflecting the

entrance of condensate into the unit).

As indicated above, when feed supply fails, a pressure switch in the

feed line automatically opens a valve which admits condensate from Roof

Tank X-14 to the Evaporator. The Evaporator boils off the condensate fed

to it without excessively diluting the concentrated product until such

time as restoration of the feed supply can be made or the unit an be

slowly shut down. Supply of condensate to Hoof Tank X-1J4 is maintained by

connection of this vassal to the pressurized condensate header system.

2.3 Too high differential pressure across Fractionator

This condition may be detected (a) by differential pressure instru-

mentation across the Fractionator, (b) to some degree by the pressure in-

dicator on the vapor feed line to the Fractionator, or a) by the blowing

of the Seal Pot, B-4 (or D.4). The phenomenon is usually indicative of

too high a vapor velocity in the Fractionator (most likely to occur when

starting up). This off-standard condition may be.remedied, at least

temporarily, by reducing feed flaw to the Evaporator or steam flow to tbe

Fractionator reboiler in order to reduce vapor 
velocity.

2.4 Dropping of effective liquid level in aportOr

The Evaporator is designed to operate with an effective liquid level

which would half-fill the tubes if concentration were not being accomplish-

ed. If the effective liquid level falls. markodly due to a faulty discbaro

valve, which passes solution at toG rapid a rate, or due to partially

plugged instrument dip tubes, which have tbe effect of opening the control

valve further, the reduced head at the base of the tubes may 
not be great

enough to induce a.natural circulation tbrou Gh the unit, and the desired

product concentration ma? not be attained. The off-stndard condition

may be detected by (a) veightwfactor instrumentation 
in Receiver Tank C-i,

(b) the flow recorder on the condensed Fractionator 
overheads line which

indicates a less _tal-lol quantity of condcnsaoyG or (c) the weight-

fator indicator for the Evaporator if a faulty discharge valve is causing

t r unusual condition). The off_ standard condition may also 
be pointed out

by a material balance around the 
Evaporator-ractionator unit. Such a ma-

t aral balance nay be derived from voightafactor readings in the Evaporator

Product Receiver, and from the readings of flow recorders indicating (a)

the dilute feed to the Evaporator, (b) condensed overheads fron the

Fractionator, (c) acid bottoms from the Fractionator, (d) liquid acid feed

-to the Fractionator, nu(e) reflux to the Fractionator. As a first step in

attempting to remedy the situation, the Evaporator liquid effluent control
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valve should be opened and closed rapidly several times (in case valvestickiness or sluggishness is causing the difficulty) and the weight-factorinstrument air supply should be checked and the air pressure increasedrapidly several tines within the limitations of the instrument (in caseblowing out of any small obstructions in the dip tubes my eliminate thedifficulty). If both of these potential remedies fail, the Evaporator maybe shut down slowly in order to replace the control valve or unplug thedip tubes.

2.5 Overconcentration of UNEE

If the UNH feed rate to an Evaporator is reduced considerably froma normal flow without a compensating reduction of steam chest pressure,overconcentration (uranium concentration greater than 100 UNBE) may takeplace and, if not corrected for, might ultimately result in "freezing"of the Evaporator contents. Overconcentration may be detected by an in-creasing vapor temperature as indicated by the temperature recorder in theEvaporator or by a reduction in the feed flow rate as indicated by thefeed flow recorder-controller. The condition may be corrected, if it hasnot proceeded too far, by reducing steam pressure or increasing feed flow.If overconcentration has proceeded to the point where scaling of the tubesor freezing of the solution has taken place, the unit must be cleaned outas described under B2.1, above. A preventive measure for the conditionwould be to inter-connect the vapor tenperature recorder and the steampressure indicator-controller.

2.6 Reduction of condensate header pressure

The cut-in of the duplicate, parallel pump which pressurizes thecondensate header indicates not only that the above condition has occurred,but also that it has been corrected. The spare pump is activated by apressure switch set to start the pump when header pressure drops belowsome predetermined value. The off-standard condition may be caused bycheck valve failure as well as pump failure.

2.7 Increase in acidity of condensate

This occurrence may be detected by means of the pH indicator in theSample Cooler (E-C7) line. Normally a portion of the combined condensatesfrom both Fractionators is routed through the Sample Cooler. However, byappropriate valving, the condensates may be routed through the Coolerseparately in order to determine which is the offending Fractionator. In-crease in the supply of reflux condensate to that Fractionator ay remedythe off-standard condition. The degree of correction of the conditionby increasing reflux has as its limitation the attainment in the Fraction-ator of a vapor velocity that may be high enough to blow the Seal Pot (dueto boil-off of the additional reflux liquor). If condensotes with a pHequal to 2 or higher cannot be produced, it may still be feasible to cribthe liquid. An alternative procedure would be the neutralization of con-densates before cribbing.
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2.8 Chloride accumulation in HNO3 Fractionator

As discussed in Subsection A3, above, there is a possibility of an

accumulation of chloride ion on one or more of the bubble-cap trays. This

condition, should it occur, will be detected by routine sanpling of the

various plates below the vapor inlet point to the Fractionator. If

chloride accumulation is detected, tha contents of the plate or plates in-

volved will be purged (either completely and periodically or by small con-

tinuous withdrawal of liquid) from the system through the sample ports.

The frequency and extent of such purging will be determined on the basis

of experience.

2.9 Excessive corrosion in Evaporator E-D-2

Evaporator E-D-2 is designed to concentrate uranyl nitrate solution

from about 55 to 65% UNH up to about 100% UN. As mentioned in Subsection

B1.3, above, it is. expected that practically all 
Evaporator corrosion will

occur in E-D--2. If E-D-2 fails due to excessive corrosion, it is planned

to replace the unit. During the period when replacement is being made,

either or both Product. Evaporators, S-B-1 or E-D-1, can. be adjusted to

produce temporarily a 100% UNE product in order to maintain production

capacity.
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A. PRODUCT SPECIFICATIONS

1. General

Uranium trioxide produced at Hanford is shipped to the K-25 site at

Oak Ridge, Tennessee, for further processing. Because of the singular

nature of both the Hanford and K-25 operations (involving aspects affecting

U03 specifications that may be determined only upon full-scale operation),

it- is impossible at the time of writing to list more than tentative U03

product specifications. Operational or equipment modifications made at a

future date by either site may modify the following tentative specifica-

tlons.

Although at the time of writing it is contemplated that all U03 pro-

duced at Hanford will be converted to UFE at K-25, it is also possible to

convert UT03 into uranium metal.

2. Chemical and fadioactivit Spcifications of U( 2

Tentative chemical specifications for UO3 are presented in the fol-

lowing table. For purposes of comparison, the corresponding expected com-

position or property of U03 produced at Hanford is also included in the

table.

Constituent or
Property

Beta activity
from fission
products
Gamma activity
from fission.
products

Plutonium

U03 (purity)
Na+

P048
Iron

Ni
S

Cr
W
Si
B 1)
E0

EN03

U308

Tentative Specification

Not more than 30% of the beta
activity of natural uranium.

Not more than 300% of the gamma
activity of natural uranium.

100 p.p'.b.

97% min.
Not more than 1000 p.p.m.

Not more than 2000 p.p.m.

Not more than 1000 p.p.m.

Not more than 100 p.p.m. each

Not more than 0. %

Not morn than 0

Lxpected

Uo C ositi 
/g

(6.3 x 10" curies/g.)

(4
l c5/(b)

x 10- curies/9.)

c80 p.p.b.

97% min.
200 p.p.m.

150 p.p.m.
1000 p.p.M.

100 p.p.m each

(c)
0.1% ()

0.1 to 0. 3% (d)

=4



w3 DECLASSIFIED
(a) The e ted U03 composition is based upon the assumption that3-/tons (23.7%) aout of a total instantaneous processingrate of 13-1/8 tons Of uranim per day is from current metalproduction (Redo process). As the proportion of uranium inUO froa current metal production increases toward 100%, the06aactivity, gemsa activity, Plutonium content, sodium con-tent, and phosphate content change toward 10%, 100%, 10 p.p.b.,0O P.p.m., and zero, respectively AS the proportion ofuraniu 003 t from aged metal wastes (TBprocess) increasestoward 100%, these figures become 30%, 300%, <100 p.p.b., 100p.p.m., and 200 p.p.m., respectivey.

(b) The contribtion of U-237 (G.7-day half-life) to the totalradioactivity of the uranium product is discussed underA2.1, below.

(c) Mallinckrodt process results.
(NJ ~ ~ ~ (d Maflinckrout prcs results,.atri 

ae(ECl-insoluble matter is takento be 308 ) If the UM decomposition time cycle is shortenedby increasing Operating temperatuires, the proportion of 00may rise to I to 5r. U308
2.1 - din the poduct

In addition to fission Products, the uranium product of the Redox.PMant av contain significan amounts of another radioactive constituentformed in the pile -- 6 .7-day half-life uranium isotope U-237. U-237 isformed in the plies predominantly by the nuclear reaction.

U-238 + neutron -- U-237 + 2 neutrons
Since U-237 is chemically identical with the rest of the uranium, it isnot removed in the Redox process or in calcination Its concentrationin the uranium product is thus entirely a finction.of the irradiationhistory and "age" (since pile discharge of the mterial processed)After uranium has been irradiated for approximately 70 days (about 10U-237 half-lives), the radioactivity due to U- 237 reaches sentially asaturation value, i.e., continued irradiation does not appreciably in-crease U-237 activity. The saturation activity of U-237 at any pointin the pile is a function of the neutron flux at that point, and neutronflux is, in turn, proportional to the pile ower level. Thus a particularneutron flux may be attained through the centra lyecad tubes in apile operating at a specified total power level or through "fringe" tubesin a pile operating at a somewhat higher total power level.

The U-237 radioactivity of Redox process uranium under some selectedconditions is as follows:
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Beta Radioactivity Due to

agawtts/Ton "Age" (Since Tile U27a n Be a ur a)
Uranium Discharge). Days

- 200,000
11 .7 100

96 10

0 600,000
8 100
10 10

10

8i4 10
106 10

s 0 800,000 (b)
68 100

110 10

(a) Activities, measured with G-M tute allowing 10 mg./sq.cm. for

C'n window, air, and Scotch tape. ('c) Saturation activity, calcu-*

lated.

The distinction between the beta radioactivity due to U-237 and that

due to fission products in Bedox process uranium product less than about

100 to 115 days "told" constitutes, an ana.rtical problem. Presumably, If

the activity-is due to U-237, the UNE can be converted into UO .packaged,

and shipped since the U-237 activity will have decayed to neggible values

by the time the UO is reanalyzed at K-25. On the other hand, confirmation

of excessive beta activity as due to fission products would be cause for

rewqork of the uranium. At the time of this writing analytical methods are

being developed for determining the radioactivity due to fission products

alone. On method being considered involves "counting" of product solution

from which all isotopes of uranium have first been removed by chrcato-

graphic techniques.

3. Physical Specifications of UO 
(21)(23)(24)-- - 3

The following table lists tentative physical property specifications

for U03 and, for purposes of cc.parison,the :orresponding expected value

for Hanfor4 produced UO3 .

Tentative Expected Value

Prope Specification For Hanford UO0

Particle size 80% through 80 mesh More tha 9 through
80 mesh

Bulk density .3.2 g./ml. (200 lb.! 3.5 to . g./ml.( 20 to
cu.ft.) min. 250 lb./cl ft.)

Surface area 1.6 sq. m./gm. (nitro-

gen adsorption) min. ---

oE~NS~~D S



DECLASSIFIED
(a) Because of security restrictions the U 3 Milro-malverizerwas Ordered on the basis of grindin atheavy) diry, lumrina

clAY-like material tog 10t0 a heavy, dry, aluminaayurine mhater to m]100% through~ S0 mesh. There is no
dastaon wth will produce an identical size re-ducionwitU0I3 . (Actually, the screen to be supplied withthe Mikro-Pulverizer has 1/16in. perforaton.) The approximate size analysis of U0 3 milled by the Mallinckrodt Chemical
Compeny on a No. 158 Mito.Pulverizer fitted with a 3/ 6 4-in.Herringbone screen (4aoo rev./min.) is:

Mesh No. Per Cent Retained

20 0.05
30 0.540 1.7 15-75% retained50 3-5 on 80 meshr''70 

6.1CD 80 3.9100 6.6
140 10.2
200 9.2

c 325 15.
through 325 42.8

(b) Mallinckrodt process results.

B. PROCESS CEMasTY

1. Process Description

Concentrated uranyl nitrate hexahydrate (IM) solution is convertedto uranium trioide (tn3) by thermal decomposition of the UE solution inbatch-charged, externalfly heate Calcination Pots. As discussed inChapter V11, feed solution concentration will correspond in compositionto 80 to 10% 0Un. The chemical reaction occurring during the conversionof UMr to i 3 (under the operating conditions contemplated) may bestUnrized as:

U02(N03)2-6112 0 - Uo3 + 1.86NO2 + 0.14N0 + 0.5702 + 6H20
The exact proportions of the gases evolved during the decomposition stepare dependent upon the operating conditions employed, the operatingtemperature being the most important determining factor. The degree ofagitation is also an important variable. The interaction of the variousnitrogen oxides from the UNH decompositio. reaction with water and oxygenor air is treated in Chapter JX.

The design temperature of the decomposition reaction is 400 to 450F.The reaction rate increases with increasing pet temperature. However,the important inflences of other variables (notably, type and degree of
agitation end feed composition and temperature) have prevented anyadequate correlation of reaction - rate with pot temperature

DECLASSIFIED jw
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The total heat requirement for the UNE conversion is dependent upon

the feed solution composition. The theoretical amount of heat required

to form U03 from an 80% UN feed solution is about 1700 B.t.u./lb. uranium,

while for a 100% UIE feed it amounts to about 1100 B.t.u./lb. (decomposi-

tion reaction carried out at about 45CF.). The heat requirement for cal-

cination is needed both -to supply sensible heat to bring the reactants to

the desired temperature and maintain them there, and to provide for the

heat absorbed in the calcination reaction.

Data on the specific heat of uranyl nitrate solutions at 25*C. as

a function of weight per cent uranyl nitrate are found in the literature.

Based. upon the data available, the specific heat of a 100% UTM solution at

its freezing point, 6Cc. (14CF.), is estimated to be 0.31 B.t.u./(lb.)

(*F.). (See Chapter IV.) The average specific heat of a 100% UNH solution

between 23CF. (pot charge temperature) and 267F. (the approximate boiling

temperature of the solution) is estimated to be about 0.32 B.t.u./(lb.)

(*F.). From 26CF to 40F. the solution loses water and the specific heat

drops rapidly, approaching that of U03 (0.08 B .t.u./(lb.) (*.)) at about

4007. It is noted that, from an operational standpoint, use of as highly

concentrated a feed solution as possible my offer a 
process advantage

through the reduction of the quantity of heat to be transferred through

the walls of the reaction vessel. However, due to the complex nature of

the solution and its corrosion properties, a complete economic balance can-

not be arrived at without additional experimental information.

At temperatures on the order of 850r. or higher, some U3 08 (a greater

amount thaa 0.1%) may be formed either by reduction of U03 or directly from

UNH. Thus, temperature control of the conversion reaction is essential if

the U308 content of the U03 product is not to excoed a specified value.

The reactions producing U308 at elevated temperatures may be summarized as:

3UO2 (NO 3 ) 2  'c5(?r U308 + 6NOa + 202

6U03 . 2U308 + 02

These reactions are essentially complete at 1000 to 
15COF.(5)(20) At a

UNE decomposition temperaturo of 400 to 45(7F. (as measured 
in the center

of the reacting mass), the production of U308 is hindered so effectively

that only on the order of 0.02% of the product consists of U308.

Several of the properties of UO3 depend to some extent upon the rate

of UNE reduction to U03. Uranium trioxide produced in a rapid UNE cal-

cination (such as UVE spray drying) is considerably less dense (bulk den-

sity of 50 to 150 lb./cu.ft.) than 003 formed by the slower, Mallinckrodt

calcination (bulk density of 200 to 250 lb./cu.ft.). It appears also that

a slower UN decomposition fators larger crystal agglomeration of the U03.(7

When the calcination reaction is carried out or. a batch scale, the

physical state of the mixture in the reaction vessel passes through several

stages. The liquid uranyl nitrate solution first charged remains clear un-

til the evolution of brown nitrogen oxidea can be detected. There is a
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rather definite appearance change of the solution at this poin a changefrom a clear to a turbid solution. As decompositon proceeds, a evi.gdenced by continued evolution of nitrogen oxides, thQ solution first be-.comes increasingly viscous and finally a plastc, doughike state isreached Just before the transition to the solid, powdery state. Theevolution of n Practically ceases with the formation ofthe solid phasf Oxides.t

It has been demonstrated that the extremely vic045, plastic statemay be by-passed by continuous or semicontinu decomposition methods.Spray decomposition techniques, wherein a concentrated lm solution isatomized in a heated chamber with a resating flash decomposition tohav !8nt 4y eliminated intermediate physia states between UNS and
is added into a heated reaction vessel containing a prepondrrf UO3powder, has by-passed at least the extremely plastic state 1r

The spray decomposition techniques, by virtue of the relatively highchamber temperature required to flash-decompose the UN solution, inher-ently a y more of the uranium to the U308 state than does a batchNJ process. Since the operations of producing UF6 or uranium metal from
U03 both manufacture U02s as an intermjediate step, it appears that thepresence of U308 (2U0 3 .U02) would not be objectionable for these opera-tions. 1

Usually a U03 product drying period is required in order to meetspecificatnjs on residual moisture and nitrate in the powdt r. Such adrying involves heating at an elevated temperature, with sulficientagitation, until the moisture or nitrate content is reduced to the speci-tied values.

2. Properties of Uj

2.1 Chemical proprtios

Uranium trioxide CUO 3 ) is a powdery solid ranging in color frombright Yellow through orangeyellow, orange-brown, and even red. TheProduct of the Hanford 03 Plant is orange-yolow- Unlile elementsOf low atomic flight, which form a limited number of oxides, uranium
can form a series of oxides in which the oxygen content varies in acontinous feshiOn(18) Several allotropic varieties of U03 exist.

An 8 horphou for seems usuall to have an orange-red color. In addi-
tion to the amorphous form, a number of cry stal modifications exist.At least one of these crystalline modifiatons has been identified ashalving a hexagonal crystal atrijitwe fl. ifferetns in allotropic formProbably account for the ppence differences noted above.

Decomposition of usnyl nitrate to U03 gives a product that has
de opserdtio be mj rye fijne, whereas U303 prepared by thermal

She hydrtad uranyl peroxide in air Is Predominatlythe amorphous variety. l9. The heat of formtion of either the amorphousor crystalline varieties is 1840 B.t.u./10t h7)
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Uranium trioxide shows amhoteric charctristics and wil react with

Mineral acids to Produce Uranyl salts and with metallic oxides to form
uranates.(12)

The TJ03 powder is very hygroscopic and tends to crust over upon ex-

posure to air. It hydrates rapidly to U0 3 .H20, the rate increasing with

temperatureq(4)(20) Data are only qualitative but U03 exposed to air at

room temperature gains weight at the rate of about 0.1% per hour according

to data taken at the Maflinckrodt Chemical Company plant in St. Louis

(relative humidity of air not given).(20)

At a temperature of between 850 to 1300F. noticeable thermal decom-

pofition toward the counpound 308 begins in air at atmospheric pressure.

The reaction is, for practical purposes, irreversible, but it is possible

to convert 0308 to U03 by heating in about 30 atmospheres of oxmen .( 18) (19)

Both the therml stability and ee reductiOn of 003 depend upon the

crystal structure of the material.

Gaseous U03 my exist under certain conditions. However, the vola-

tility of the solid is very small, and, in general, high temperature

(above 1150*C.) and reduced oxygen partial prepalre (about 4 z

pheres)- is required for gaseous U03 formation. 17)

2.2 Physical properties

Uranium trioxide is a powdery solid with an absolute density at

about 450 lb./cu.ft. (7.2 g./ml.). The bulk density of the powder depends

upon a number of factors, the most important of which is particle size.

The bulk density may range fro about 50 lb./cu.ft. for the very fine and

fluffy product of uxenyl nitrate spray decomposition techniques, up to

about 250 lb. /cu .ft. f or powder produced by batch decomposition ofn

nitrate in externally heated reaction pots (Maflincfrodt process).(7 1 )

The particle size of U03 grains depends upon preparation methods.

Spray decomposition methods hav oducd grains which have a diamter a

the order of 0.02 to 2 microns. The Maflinclwodt process produces

particles of U03 generally 1 micron and larger in diameter. The Hanfort

product is generally similar in particle size to MalincrfCOdt 003. (see

Subsection A3, above.) The Mallinckrodt product has a surface area o

apprpximately 4400 si4 .ft./lb., while the spray decolYSittof product

has a surface area about 5 to 10 times this figure.

The hardness of 03 is about 3.0 on Mobs' scale (comparable in

hardness to calcite) .(8)

The specific heat of UO3 powder is approximately 0.072 B.t.U./(lb.)

(*F4. over the temperature range 70 to 2lQTF It increases slowly to

abougb.0 8 3 B.t.u./(lb.) (*F.) at 1100*p .

No noticeable electrical conductivity 
is shown by U03 up to about

570*T. Above this temperature the conductivity 
increases slowly; it is
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presumed to be due to slight reduction ofconductivity of U03S titf U03 toward U3o8. The specific

Con uct vit of 173 at 75 O0 ?. is less than 5 ial -S who cm (4 ) Theconductivity of UO,4 often detected at ordinary temperatures (which die-ai. ?j at 200 to 3000F.) is attributed to absorption Of water from the

Finely Powdered U03 catPositive electrical charge. up by a vigorous air blast carries a

3. Pr3pes of 08

3.1 Chemical properties

Triuranium Octoxide (U308) is a solid ranging in Color from olivegreen to dark green to black. it is found IA nature- as the mineralPitchblende and in other uranium minerals. The color of the compound
C~ seems to be influenced by the bulk density, temperature of preparationand sml deviations in the oxygen content.(4 r

Among other methods, 308 may be prepared by thermal reduction ofU0j.

The crystal structure of U308 is orthorhombic.(19)

The decomposition temperature of U308 is about 3100'F. under oneatmosphere of oxygen. It decomposes to U02 25 solid and 10-3 atmospheres
of 170 gas.(7) The heat of formation of uA6 is 1810 fl.t.u./ab. at

The compon is not hygroscopi. The observations that the greenoxide Prepred at low temperature slowly hydrates in air without changingoutwardly whereas the black modification prepared at high tempeature does
not, is probably due to the presence of UO3 in the green oxide he)
lover the temperatr of preparation, the higher the proportion of UO3

Present in the mixture.

3.2 Physics properties

The absolute density of U308 is about 48o lb./cutft. (7.7 g./ml.).The bulk density of U308 powder depends upon particle size and methodsof preparation, but it is in the range of 150 lb./cu.ft.(12)
The hardness of U308 is about 3.5 on Mohst scale (between calcite

and fluorite -- about the same as aluminum) (8)

The specific heat of U0 i Pprox~mtely 0.073 fltu/(lb.) ( .)over the temperature range 70 toa 2at.).(O)

The compoUnd is at electrical onconductor at ordinary temporturesHowever, the specific conductiviy slowly increases with temperature and
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is considerably greater than the specific conduCtivity of 003 powder at

highr tmpeatues.For example, at 40&C. the specific coniductivitY Of
iger temperatures cm., while for U03 it is less than 5 x 10-8. At

U308 is 7 x 10-4 Who owi3i . x 10-7 rmho am. (Data are
100*C. the specific conductivity of U308 is 9

lacking for the. conductivity of U03 at this temperature.)

The thermal conductivity of U qranes from 0.14 to 0.31 B.u .(

(sq. ft.)(7./ft.) dopending upon & physical state of the solid.A12

C. PROCESS ENGMIEEING

1. General

A 03 product may be obtained from several types of uranyl nitrate

decomposition processes (batch, semicotifluo I, or eontinuou) and with

the employment of a wide variety of types Of calcination or drying equip-

ment. Batch decomposition of uranyl nitrate in calciig pots has been

chosen as the method of 03 production because of the successful, long-

term experience of-the Ma.inclaadt Chemical Compuay with similar types

of equipment and methods of operation. Although other processes have

been developed on a laboratory scale (and in some instances on a semiworks

scale), their full-scale practicability has not yet been demonstrated

The tentative chemical and physical form of the 103 product has been

specified in Section A. In general, chemical and physical properties my

be altered by the manipulation of several process variables, among them

being decomposition temperature and time, speed of agitation, concentra-

tion of feed, and the length and type of a drying period.

2. Batch Calcination Pot Process

2.1 Design basis

The uranyl nitrate calcination process is dei ad to produce a

U03 product at a maximum instantaneous rate of 13-18 tons Of uranium

per day. (This figure reflects the combined Tximu instta neous de-

sign capacities of the Redox arnd TEP Plants.) The average production

rate over a long period is expected to be about 10-1/2 tons of uranium

per day.

Eighteen Calcination Pots are provided for the urany. nitrate thermal

decomposition reaction. The nominal batch size per pot is 58 gal., re-

presenting 462 lb. of U03 per pot at a feed solution concentration 
corres-

ponding to 80% UINH;or 50 gal., representing 
600 lb. of 003 per pot at a

feed solution concentration corresponding to 
100% Un .

The approximate pot cycle (for design purposes) 
is:(16)
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Charging pot
Preheating to 390 to 40'F 15 minutes
DfecOmposition of the charge 143 minutes
Cooling and unloading 180 minutes
Total 105 minutes

ot lT Ours 23 minutes
This cycle as been demonstrated by Malrinro operations and represents
a for either 80% or o The design cycle is approxmately thes ame for eiher 80% o 100% M E feed since the 80% M E batch size is

nighIt age than the h100% 02 batch size although containing less ure-
Iliu. i inantcipated that the decomposton and cooling and unloadingoperations can be shortened considerably.

It may be econmicy advantageous to reduce the concentration ofeedrto less than 10uc Uorn (Perhaps 90 or 95% UE); the lower salt con-
centrtion bad reduce corrosion and, thereby, prblong Feed Concentratorlife. The Probability of reducing the time cycle and the ability of thefCalCirition Pats to process a le concentrated uranium feed solution
favor tis plan.

2.2 General description of pot and furnace
Reference is made to Chapter XVI for a detailed description of cal-O-ation equipmynd Each Of the eighteen Calcination Pots is a covered,t-inch thick cylindrical stainless steel vessel with a hemisphericalbottom The Pots are 30 in. in diameter by 32 in. deep. An individualelectric furnace surroinds each pot and furnishes the heat necessary toaccomplish the calcinatio reaction. Each furnace (55 kw. at 220 volts

2 -phase, 60-cycle) is designed to produce a maximum chamber temperatureof lSdony. measured IA in, from the exterior surface of the pot.(3)Based upon experience in a similar installation at the MallincfrodtChemical Works, a design heat-ransfer coefficient of 12 through the
'Walls of the Pot during the uranyl nitrate decompoition portion of thecycle has been assumed.d

2.3 Agtation

Agitatton during uranyl nitrate decomposition is required in order
to maintin efficient heat transfer to the reacting mass, to aid in the
formation Of a unifrm-n.sized product, end to minimize high local heatconcentrations at the wall of the pot.

A sweep-type agitator (illustrated in Chapter X7I) maintains a
clearance between t& blade and the walls and hemispherical bottom of the
Pot of about 1/8 inch. The blades of the agitator are positioned so thatthe reacting mass is displaced from the edges toward the center of the pot.With a relatively nl Pot-to-agitator clearance, the magnitude of the03 scaling or caking Problem on the walls of the pot is reduced (althoughnot eliminated)h

Load requirements of the agitator vary considrably during the Calci-nation Pot cycle (reflecting Physica state change in the reacting mass -
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see Subsection ni). The agitator f or each Calcination 
Pot in the u03 Plant

is powered by 'a 7-1/2 hp. (5.6 kw.Y 
electric motor. The agitator power

requirement for a M/llickodt7-Vp. batch decomposition (charge equivalent

to oo lb. t03) ia represented schematically by the following figure:

Peak Power Requirement
During Doughlike State,

- - 4500?.

Preheat, 24 flecompOSS " Product Drying,

3t Ito 4000Y. li00 to 450 IS to 6000r.

r= 
4'

rl

04

0 1 2 3 
6

Time, Hours

The speed of agitation has an important effect on the properties of

the UO product. The design speed of agitator rotation is 0Q rev. Min.

labora or experiments in which a somicorltiuol process was employed in-

dicate a correlation of fineness and uniformity of product with agitation

speed. At speeds of 100 to 150 rev./min., generally a finer and more

uniform product was obtained (other variables rcemainig constant) than at

40 rev.m (n.C21) (The plant agitators wifl have a tip speed of about

5.3 ft./Sec. which is about 2-fold greater thn the laboratory agitator

tip speed when the laboratory agitator operates at 150 rov./Dif.) Although

quantitative data ea lacking, it is clear that with 
highe~r agitation speeds

a more uniform temperature exists throughout the reaction mass.

2.4 Product remova(l)

The U03 product of the 
calcination reaction consiss, 

preponerantly

of very fine powder (about 80% or more through 8o mesh). Hover, Ca1e
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or encruated U03 may adhere to the sides of theand some lumps may exist in the powdery ot or to the agitator

Powder trog a emoe by & vacuum suction system which draws theIs Inserted into the t.e s a steel hose attached to a Pipe which
a in s rt i c u l in t h e o t . T e a u um U n l o a d i s y s t e m d i s c h a r g e t h r o u g hPulverizer. (Refer to Chapter V11.) teinoaik_

The MallInckrOdt Company bas ved
by mchanical means such as chi t encrusted In theiranftroper tio s, uch meth ds ill alwing 'Out the crust. M3 n the i potser

api-tie such mthods will always be s&ilable, but, in additit t i s a Provided for ao t to d i l edresid-al encrustation and to d nti ofd.nn- the i e yttit acid dies ution Of ee i l be u d ol ve

3 2c 0 0 l b fsh u ttal iue or a n p o t). T o a cc o m p lisho 0 anda Cud. of air are pulled trouh the

US3 erti wystema t 
a trervapor e no

falThe aci ero 
alo

The Clcizg3the dPot 
d a valved vent line which

this OpnOe uin Pe ossems cyeso tt vapors ay be routed to

the dga abop f~ 500 sta .da e C hpt er n j T e vn.. a v d c o e

diwlnrdpoto carg or oa perations (when th pot lid sremed)se te a vacuum o 10ainces of atr as taroed byeLP aliatnressure 
adt ar t t vnt lin

ma inairl nh -irm ac ( um Th ven sysemides, angwa e a o na
upto 13-1/ stnd durin./g t 5 tnadc .eovda

2.6 ong UO dust(1)
Oe oe i nt- design considerations for the Sin ro is t

crnatiant A hazard in breathing air to ap reer aistthose Uo3-handli 
ae er e aor volntnion lde oeri e e ly

he air of the or
The dyioal 85ets of th deatign Supply anvd e nhausting system

aoreto esriein detair lodinghtXzTedign bases for the system
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(s) Removal Of U03 -to a degree suich that operating-area air shall

not contain more than 1.4 X 1o* 6 grams of uraniuml per tu-ftd

. R(b) Removal from the air of all particles of'U03 1 micron or

-larger in diamater.

he method of attaiil the above Aa s to swee air at high veloc

ity h ( mOiearo ft./) att roing the location of the s ource of the poten-
ity (400 linear Mt/min.) across the ao ti contamingteil air through

tial contamination followed by pasibge Of thn ktfca.
Bag filters, before discharging it from a local Stac

urngreaction the pots are totally enclosed, and

any slight air leakage which may occur (See under 2.5, abOv.o ) During

or under the pot lid) will be inward. e e other and, o e .) id

the, pot charging or unloading o a S tilt the and the ot lid

*is off and the possibility Of tX03 dust enterinig the air of the operating

aa ould eis e that a thi m te the special 400-ft./min. air

sweep is drawn across the top of the pot.

In like manner, the Dru illing Assembly T Hood, - i p

with an air sweep system which can be damPer-d into opertief when the

J shipping drums are charged with 003 powder

A sanar com~~ilt~ n~am leaner system has been, provided
A standard COMMercial-type vacuum c syte wil beusdsrequired

for use in the case of powder. spill'. Thissytmwlbeudasrqid

for clean-up in the pot Roomand around poduct-handlMng .facilities. (See

Chapter VII,)

it is expected that the quantity Of J03 dust passing per day to the

Bag Filters- will range from 1 to 10 lb. -The only justification for re-

covery of such a small amount Of 03 'ist e yel t o t h e

hazard due to, U03 in the brething si. Since, only 2 or 3 drums of re-

covered UO are expected to be collected Per yer, storage for eventual

recovery Will present no problem.

2.7 Size adjustment of Fprod"ct(1)

The 03 product removed from the pots by the vacuum unloading system

is prepond3ratly a very fine powder, but some particle agglomerlton

into snl lumps makes necessay a size adjustment operation to meet the

particle size requirement of about 80 or more through 80 mesh. Maximum

lump size is about i1/1 inch when the Mikro-Pulverizer screen with i/iS-

inch perforations is used. The expected particle size analysis, before

the sizing operation, is approximately the foflowing

20 to 30$ through
80 to 9C% through
95 to 99% through
10$o less than 1/2

325 mesh sieve
80 mesh sieve
40 nsh sieve
inch in dianeter.

Although the entire sizing operation is obscud by the lac io

reliable data, it would seen that the chief purpSparticles (greater ins

wto reduce the size of the relativelY few re rile 8 (reat i n

size than about 40 mesh) so that a more uniformly sized product is obtained
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A Mideo.piveizer is provided for the sizing operation. It is
described in detail in Chapter nfl. The -larger particles of U0g the PTlvrizer are reduced in size by impact (and by attrition withh er is of hammers attached to a shaft rotating at high
Speeds (ab u 35 0 r v / Closeh laraen 0  is Ma~intained between theaers nd a screen through which the ied tce must pass to

leave the Pulverizer. The entire product-milling system i oal n
closed to minimize the U03 dust hazard from this source.
2.8 Productp system(l)

The physical aspects of the Product-packaging system are described
in detail in Chapter XVII. The method Of Packaging, briefly, is to re-
ceive U03 in tared JO-gal. drums from a batch.tYP

6 weigh hopper. The

drums are located on a scale %eving an accuracy of ±0.1 lb. and the finalweight is recorded. Facilities e providd for mpling material as it

enters the drum. A special hood is located above the Packaging station
and is designed to sweep potential contamination- The contaminated air
asses through B Filters before discharn from a local stack.3. Oceses

3.1 o
31Spray decopositiom of nE~o(l

Spray dcomposition of U, a continuous means of U03 Production hasbeen demonstrate
4 on a small scale. The Process consists of atomizing aconcentrated uranyl nitrate solution into a heated deconpsition chambermaintained at such a temperature that water and nitrogen o ides almostin dtantaneously flash from the radiantly heated Un solution, leaving U03.

The O03 drops to the bottom Of the reaction vessel and is continuouslyremoved by a screw conveyery

3.2Cnv drng u m(9)

Conventionl dnru drying techques for converting UNE to U03 have
also been demonstrated on a sta scale. The process consists of forming
U03 0fl the outer surface of a steam-hneated drum which dips into a conceu..
trated uranYx nitrate solution as it rotates. A blade scrapes U03 from
the surface before that section of the drum otates into the NE solutiongui. The speed of drum rotation is such that enough tine is availablefor the complete decomposition of UE to U03 before the product isscraped off.

3-3 Hanford semicont 
u Uoe s

A semicontinuus OM decompositio process, wherein uranyl nitrate is
added continuously to a C8cinstjr Pot containing U0o until the pot is
completely charged, has been demonstrated on a -laboratory scale at

aa-P
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EMallinckrodt Copany.(l5) By
eanford(21) and on. a production scale by the rMaltIC' p dt a o al y.(l5) i y

maitaiinga pepodernceof 103in the reaction pot at anl times, it has
mantinnga peponderance of U0 stage encountered in the straight

been demonstrated that the extremlely viscous stg noneed8tesrih

batch Calcination Pot process can be by0 Bssed.

As mentioned in C1 above, none of the above-mentioned continuous or

semicontinufl processes have been chosen as the production process since

none were in a svtficient state of development at the time final design

effort was required.

D. MoCl3)(14)ClS)

1. Normal Procedure

1.1 General

In the following discussion of operating procedure, reference is made

C=to Figure vIII-l, a schematic and functional presentation of the UraflYl

-2o oiueVI-sashmtcaduct-handling facilities. A Material

nitrate decomposition and UO pru h die acilities A at a tian

Balance Floweheet for the caicinstiof procedure and other related operations

is shown in Figure VIII-2. As indicated under C2.1, the nominal instantaneous

production rate of the caiiatio facility is 13-1/8 short tons of uranium

per day.

1.2 Concentrated feed torag

Concentrated UTE feed solution for the Calcintion Pots is received

in the UNE Melt Storage Tank, TK-X-19 (working volume about 4200 gal.I) from

Product Evaporator ED-2. As discussed in Chapter VII, Eveporator E-l-2

is normally fed with about 6oS uNE solution by pup from the UM Receiver

Tank, TK-C-1 (working voltae about 3000 gal.) . However, the process piping

of TK-C-i is such that it may also be used as a feed vessel for the Calina-

tion Pots if so desired.

The Calcination Pots are supplied with feed from a loop header which

receives feed, via ptup, from TK-Z-li (or T-C-1). The header discharges

back into the vessel feeding it; it is sloped so that it drains into the feed

vessel when feed flow is discontinued.

Since the UE feed to the Calcination Pots has a high 
freezing point,

both TK-X-19 (by means of a tank coil) and TI-C-i (by means of a tank

jacket) are equipped to maintain the solution at an elevated temperature.

The loop header is steam traced or jacketed.

1.3 Uranyl nitrate decompOsition

The loop header supplying the pots is pump-fed at about 20 gal./ig.

from TK-X-19. The pot schedules are overlapped so that a pot is charged

from the feed loop header about every 25 minutes.
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The lid is opened (pot vent valve closed and special dustopened) so that the level of liquid charged to the Pot ay be obsentved.After approxilately 50 gal. (liquid height about ic in. below the potedge) of solution are added, feed flow from the loon header is valvedoff, the pot lid replaced, the dust vent dampered off and the pot ventvalved into operation. The temperature of the incoming feed solutionis about 2300F. It should be emphasized that the eot batch size spoci-fled is in doubt due to uncertainy as to the most desirable uraniumfeed concentration.

Two controlling thrmocoupls are used in the electric-furnace Calcina-
tion Pot cycle. The first is located at the outer wanl of the pot (betweenpot and furnace) and measures pot "skin" temperature. The second is lo-cated within the hollow agitator shaft and more nearly measures thetemperature of the reaction mass at the center of the pot. During opera-tion, the pot skin thermocouple is set at lh o. and automatically malir-tains this temperature (by switching the furnace full on or full off)Atil the tem re measured byr the agitator thermocouple reaches 400"T.

At this point both thermocouples are automatically reset: the pot skin
o temperatn thermocipa to 8O0 0 F, and the agitator shaft thermocoupleto Eorr. An intermediate coling period (as measured by the pot skinthrocouple) occurs after the reset, during which the temperature drops

Sfroam 1kr% to, t a g tn. the 800F. temperature is -zintained at thePot wall until the agitator thermocouple measures 600oF. The furnace isatOMtically turned off by the agitator thermocouple at this point ofthe cycle.

From a physica point of view, the period during which the reactingmass is being heated from feed temperature to about 400. represents thePreheatig of the charge. Te uranyl nitrate decomposition itself issubstantially accomplished between 400 and 45c. in a maximum of threehours (the Pot wall temperat e is maintained at about 800F. during thisPeriod). After decomposition, the powder temperature slowly rises untilthe shaft thermocouple registers 600dd., the temperature which representsthe end of the drying period and the end of the heating cycle. It may be
Possible to operate at higher temperature levels than those indicated
above. If so, the overall time Cycle may be shortened appreciably belowthe 7-1/2 hour period indicated under 2.1, above. Agitation at about40 rev./min. is provided during the entire preheating, decompositionand drying period for the charge.

After the hoating cycle is complete and the furnace has been turned
off, the pot walls ere cooled by drawing room-temperature air through theannular space between the furnace heating element and the pot by appro-
priate dapering of the 3 -±n. ventilation duct. The special dust ventis Opened, the pot lid removed, and the unloading pipe inserted into the
Powder mesa. Opening ofn the slide valve between the unloading pipe and
the negative pressure in the product removal header allows the powder
to be drawn into the product handling system, via the header. As muchcake material as possible is knocked or cpyctva loose and removed via theheader. The total time requiremnt for the cooling and unloading portionof the pot cycle is estimated to be about 0 to 105 minutes.
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If usual methods of removing powder prove inadequate, a small amount

ofnitric acid my be added to the pot via a flexiblo tubing line frwom an

acid header in order that the accumulated. U0 3 ancrustation my be dis-

solved and removed as completely as desirable. However, it is expected

that acid dissolution of the encrustation vill not be required routinely.

(See under C2.4, above.) The uranyl nitrate solution produced to jetted

to Tank TS-X-20 throug the same flexible tubing line which, after appro-

priate valving, serves as the suction log for a stean jet.

1.4 Product handling and packaing

About 31,000 lb./day Of 003 at a density of about 250 lb./ou.ft. are

received from the vacuum unloading header in the Pneumatic Unloading

Cyclone and Bag Filter, 1-3. An electric -motor-diiven shaking mechanism

is provided for the Bag Filter and is actuated automatically f or a short

C- period each tine Exhauster X-4 is stopped. A rotary valve discharges a

cyn aximumi flow of 3000 lb .4i±. of U~q powder from the Cyclone into a Mika'o-

Pulverizer, X-6. (The normal flow will be about 1300 lb./hour.)

The Mikro-Pulverizer discharges powder directly into Storage Bin

X-7. The Storage Bin has a 3-day capacity; its bottom is cone shaped with

60 degree sides (measured from the horizontal) to minimize the bridging

action of powder. The bin discharges into Screw Conveyer X-8 which trans-

ports the powder to the Drun Filling Assenbly, E-19. Powder is added to

tared 30.-gal. capacity drums, which rest on a scale while being filled

(about 1000 lb. of TO per drum). After being filled, dztB are trans-

ferred to another sca l which rakes a permanent record of the weight of

the drum. The upward sweep of ventilation air past the filling mechanism

and into a hood nininizes the U03 dust hazard.

The product in the sealed 30-gal. druns is conveyed by Gravity Roller

Conveyer 3-20 to a loading dock. There the drums are arranged on pellets

(4 to a pallet) and are conveyed to a storage warehouse by a fork-lift

truck.

1.5 Uranium oxide dust-handlilW methods

The special exhausting system (for the Calcination Pots and drum-

filling assembly), designed to prevent passage of large quantities of

U03 dust into the breathing air, is act..sted by Exhaust Fan X-13. The

dust-containing air is passed into Continuous Ventilation Bag Filter

Z-11 at a rate of about 7000 standard cu.ft./in. The Bag Filter is

of the two-conpartment type to permit replaceenflt of begs in one comprt-

nant while the. adjacent compartment is operating. Filtered, air is drawn

through Glass Wool Filter X-12 before being discharged from a local stack.

Each compartment of the Bag Filter has its own dust collection hopper.

The dust can be discharged through rotary valves to special containers,

analyzed, and disposed of accordingly.
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2. Re oStadrd Conditions

2.1 Excessively high concentrations of U32O in product

establhe mosi erysa concentration of U308 in U03 has not been
br is s iivel y. Any such oftf-st na d condition will be detectedby routine eOMPling of each drum bef ore shipuent. Abovetoa.renc

6 amoutOf U208 indicate too high a re r hpet bv-oeac nuntsClc nation pots reaction or product-drying teperat n eCal~x~t~o Pos. (Converseary, belov.tolersnce amounts iiic t th re-action temperatures and, hence rectonrate myube indicate that re-desired.) reaction rates My be increased if

If the U3 08 content af the Powder is too high, the calcination potoperational cycles must be adjusted to operate at lower temperatures.There is no convenient remedy for lowering the U308 content of batchesalready Processed. Righ-Us8.contnt aterial my be (a) dissolved innitric acid and the resulti-urnYl nitrate sly re domposed at alower temperature or (b) blended with material aving alowpUsOd an .traton o yelda mitur atat ateral avig alow U308 concen-tration to yield a mixture that meets specifications. Both of theseof podare intooved. especially if appreciable quantitiesr 'J Of Powder are involved.

2.2 hXcesgively hi nitrate or moisture content in product
These conditi ill. be. detected by routine sampling of each drMbefore off-plant ahiment. Too high a proportion of nitrate or moistureindicates an inadeqate product-drying cycle after the decompositionreaction. Drying temperature my not be high enough or drying time mynot be long enouh,

The condition my be remedied by increasing- the drying temperatureOr the length Of the drying period. Batches already processed may berecyclad to the Calcination Pots for another drying cycle, or they maybe dissolved in nitric acidand routed beck to Storage Tank X-19 for
eventtal reprocessing.

2.3 Failure of MikroPulverizer screen

This contion7 my be detected by occasional determination ofparticl size during the routine analysis of the Mikro-Pulverizer pro-duct as it Is loaded ito drus The condition may be corrected byrepIace,,t of theibAo-Pu14veze, screen. 'Batches already processed,if far out of sen ch tin my be recycled to the Mikro-Pulverizerafter the screen bee bee, replaced.
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A. PROCE-ss pEC3IlTON

1. Genera).
Geneal se; Peviously described in

The uranyl nitrate calcination-procesS ge quantities Of

Chapter VIII, is accompanied by the evolutio of la uranium Product

nitrogen oxides. CaltcflttiOlL ofRedox and 
TBP Plant uau rdc

streets at a rate equivalent to 13 tons of meta-_ per day will evolve
tr oideat eq na oxide which are re-

about 58,000 cubiC feot.per day and absorpion in water res re-

covrabe. oolng of these oxides edast~~li ae eut n

coverable. Co 01 t ea ofid0 to 45% nitric acid. This weak acid

8, rcoer of 17 ton Pe day of
is ntrducd ito the nitric 'acid tactionators (chapter V11) andi con-

ce ntrt&toatotodue 6in mo for eventual reuse in waste metal dis-

solution. This recovery of nitrogen oxides as 000 per aar r ts iay

raw material cost saving of approimately $16C ,O0 e er(0 as

at current acid prices of about 4u8/ ton (64h4 B ). This chapter covers

the description and operating procedure Of thc: acidrecve process.

Equipment details are described in Ch'pter

2. Nitric Oxide Oxidation

Recovery of the nitric acid- is accomiis~ad in the Gas Cooler,

B-A-2y and the Nitric Absorber, T-A-, which are located in A Cell of

22-,U Building. (See igure T1) The gesee handled by the acid-

rfcovery system are liberated dur e termal decomposition of uranyl

nitrate to uranium triozide, which proceeds a'ccording to t~e equation:

2750-50 00 + 1. 86Nt + 0 - 14TO T + 0.5702

UO(NO3 ) 2 =U03 + .

As the gaseous products are cooled, nttAc 
oxide (NO) begins to re-

act with excess Oxygen Cfrom reaction Plus Pon leakage) to form the Per-

oxide.

2NW + 02 2002.............. )

Reaction (2) is not sensibly reversible at tcmperatures under 150C. The

rate of reaction between nitric oxide and oygef is unusual in its tem-

perature dependence in that it has a i"C te n

ie., the cooler the gases the faster t. e:7 eact Clp2  This reaction

rate is.expssed Mathematically by the S1 ufltiOfl

- d 2 k (Q0)2 (02),

in which kt is a constant at any fixed terpcraturc The equation states

that the rate of conversion of nitric oxide to nitrogen peroxide is pr-

otihe nitric ozidc concentration and the first

power of the oxygenr conentation. As stated above, the rate increases

with decrease of temperature. The value of the reaction rate consi,

k, increases about 10 per cent for each 10C. drop in temporatureO.w
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The d~ovng L lists several apnrorj.mate values of kt at typical

1emperature 'C.

25
50
86

k, Mn.g)- 2 (Min. )1

26
17
13

N itrogen peroxisc ormed by the- oxidation of nitric oxide exists astwo molecular species, Xo2 ana N 204 , These two species come to practicallyinstantaneous equilibrium. as cxpressed:

2NO2 !T204.................. (3)
The equilibrium constant, 1'jJ .s a function of the tomperature.

N2 04

T0)2

The following table lists several C-pproximte values of K4 at typicalteMPeratures: (3)

TIMwrature. 0C.

10
25
50
75

3 Nitrogen Peroxide bsorption

The reaction

I- (Atmospheres )

26.5

7.8
0.28

+ 20 2MN03 + NO ..... ..
between nitragemi peroxide and waterto form nitricactive- species, is jq En h -nticai ssums that th46
a" i e sp ein tactim .3 d t 2  is inert. 'T204 dissociates to restore~qui~hj~~~ (eac±~ 31 s 105disaPPears by reaction tofomo 3Beacticaz is reversible and. the b y e form HN3equUibiummay be Oxpressed as.

CWb 3 )2 (NO)

(wo2 )3 (120)

Th son considere& the product of the two partial con

ang (ENO3)2
: . r',- (2 )3(3go)

r~ nh 7aMcaaPo:tj Of the liquid phase, the part

I

.5'

'1

~iat

C-
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pressures of nitric acid and water vapor are obviously constant, so that

the equilibrium between nitrogen ox dgs and nitric acid solution may be

expressed by the partial constant M

1% m(NO)
(N12).

The values of K3 are such that the lower the temperature the more the

equilibrium is displaced toward ENO . The values of T,, also decrease with

extreme rapidity as the concentratiKn of nitric acid J the liquid phase

increases. The following table, listing a few IC values as a function of

temperature and acid concentration, illustrates both of these points: (3)

Weight HNO3  Temperature, 4C. K3 (Atmospheres)2

25 79,500,000
s5 50 7,950,000

5 75 851,000

25 25 178,000

4 r 25 50 12,300

25 75 1070

50 25 456
50 50 40
50 75 5.1

At ordinary temperatures the partial pressure of nitric oxide in ecuilibm

rium with nitric acid much above 40 to 50 per cent strength is so small

that Reaction (4) practically stops unless a high partial pressure of

oxygen is maintained and a long time allowed for the reactions. The rate

of N0 absorption to form ENo is so rapid that the nitrous gases are at

all times substantially in equilibrium with the liquid, and the absorption

may proceed only as the nitric oxide present in the gas reoxidizes. The

NO -)N0 2 oxidation proceeds at a rate of about 1270 m. g/min.(at 40&C.

and an oxygen partial pressure of 150 mm. Eg) if the initial NO partial

pressure is about 65 m. Hg., and at only about 0.3 mm. Hg/min. at an

initial NO partial pressure of 1 mn.Hg. By use of the equilibrium con-

stants K and K4 for Beactions (4) and (3) and the rate constant, k, for

Reaction (2) it is possible to calculate equipment sizes required fsr b-

sorption of a known quantity of nitrogen oxides per unit of time.

Values of K have been determined for a4l acid strengths up to 65 percent

1N03 and toiperatures from 100 to 75*C.

4. Equipment Design Considerations

Theoretical considerations show that at atmospheric pressure a long

residence time for the gas volume is required to produce high strength

acid; i.e., Reaction (2) is controlling instead of Reaction (4). The

equipment must be designed, therefore, to allow time for the reoxidation

of the nitric oxide liberated during the absorption of the nitrogen per-

oxide. Early absorption practice made use of as many as eight,
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or more, packed ceramic acid circulationtowers in series in order toachieve the desired gas holdup time req or ir ion. Modernabsorption methods however, use bubbleucap columns made from acid-.restant stainless steels. The bubble-cap unit provides a series of gradedacid strengths essential for efficient absorption In addition, coolingcan be applied on each plate and sufficient volume holdup between platencan be designed into the column to suit the conMition of time and temper.ature required for the nitric oxide reoxidation-

T e Plant Nitric Absorber,, T-A-1, is a 2O-bubble-cap tray, 4.1/2ft. diameter tower with plates spaced on 18-in. centers. The unit isdescribed in more detal in Chapter XFI. The Nitric Absorber is design-ed so that the saseous.dpite residence time between plates is about 8seconis, under the conditio illustrated by Figure Il-1. If a 35% con-
tacting efficiency per plate is assumed, the proportion of nitrogenoxides in the gases leaving the absorber is about 0.2 weight per cent.

The liquid holdup time per plate at design flow rate of condensateto the Absorber (1.25 gis about 10 minutes per plate.
The total heat evolved in the absorption of N02 in water to formnitric acid is about 18,000 B *t a./orte of NO (ab /h.on a 3-1/ tansof u~um/ / he g N aabou 104,000 B.t.u./r

on a 13-i tos of uranium/day basis). t is removed by coolingcoils provided for some of the plates. The coils pass through the liquidheld uP On the plates. Water eaters the coils at about 750F. and leaves
at about 85rF. Sufficient coil aroa Is provided so that the temperatmejof the liquid on any tray does not exceed 100dF. (tctuanly tray liquidtemperature varies from about 750*F at the topmast tray to 10ld. on thebottom trays.)

The rate of NO2 absorption in the Nitric Absorber under flowsheetconditions, or illustratea in Figure I-1 (except that no NO2 is assumedto be removed in the Gas Cooler, E-A-2), is summrized, approximately, in;the following table.

Plate Number Per Cent of Total Acid
Formed in Nitric Absorber

1 (Bottom)
2
3
4

10
15
20

5. Gas Cooling

About 30
20
15
10
7

10.1
0.05

bubb Corec the a e po d from the calcination process enter thebubblh.ap colu. aty. colefrom a temperature which may range as
high as 500pop to about 85-p. in the Gas Cooler, Ef-A-2. The hot enteringgases consist of about 5 volume % water vapor, 17% N2.13% NO, 5.2 02,
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2% air, and 1.3% ENO During the cool operation m

condensed and moMS nitrogen peroxide is absorbed in the condensed mois tC.

The condensate consists of about 42% nitric acid. It leaves the Gas coofrr

art ven'sfr jinsthe acid stream issuing from the base of the Nitric
and eventuallyjoinG h cdsramisi f e consist of about 5
Absorber, T-A-1. The exit gases leaving the Cooler c n and 65 a:r.
valume % water vapor, 5% 102, 16% N2 0 p 9% 0, lese than 1% NOar.

The Gas Cooler is a water-cooled, finmed-tuber heat exchanger with the gaUSS

in contact with the exterial longitudinal fins. External fouling of this

type of heat exchanger has less effect on the heat-transfer capacity of the

finned surfaces as compared to bare tubes. The fine also provide turbulence

to the gas flow in the laminar-flow region and increase the fin-side beat.

transfer coefficients. Q)

About 2500 sq. ft. of cooling surface (including the fins) are provided

in the Gas Cooler. Estimation of overall heat-transfer coefficients (

to be expected in the Cooler is difficult because of the many operations

(cooling of a gas of varying composition, condeniation of o of the gae-

ous components, and cooling of the condensate) involved ower the U

factor for the gai.cooling my range from 
1 to 10 B.t.u./(br.)(Q.ft.)

(O.), while for the condensation it may range from 150 
to 20 E.t.U./(hr.)

(sq.ft.)(F.)

B. PROCEIM

1. Normal Procedure

The gas from the uranyl nitrate decomposition pots is carried through

a duct to the acid recovery system by means of a ductgpreusure-OoftroldeI

stean jet located at the top of the Nitric Absorber, T-A-l (see Figure 3l-1).

Initial cooling of the gas to about 85*F., before absorption, is accomplish-

ed in the Gas Cooler, R-A-2, where water is condensed and removed as dilute

nitric acid. The Gas Cooler also provides space and time for the oxidation

of nitric oxide to nitrogen peroxide (Reaction (2)) to apprcech completion.

Contraction of the gases in the Gas Cooler under steadytate conditions

sweeps the decomposition gases towards the recovery system, 
and the nitric

absorber jet relays the gas volume from the cooler through the absorption

column. The cooled gas is introduced at the bottom of the Nitric Absorber

and passes upward through the bubble caps located on 
the plates in the

Absorber. Process steam condensate is added at a controlled rate 
to the

top plate of the Absorber and flows downward through the Absorber counter-

current to the direction of the gas flow. The nitrogen peroxides are thus

absorbod in the water to form dilute nitric acid in the topmost plates,

with the concentration increasing incrementally to about 40 to 45% on the

bottom plate. Acid flows from the bottom of the Absorber 
into the Bleacher,-

T-C-6. The weak acid condenesas from the Gas 
Cooler, which contain traces

of uranium nitrate from decomposition pot entrainc;t, join with the Ab-

sorber Acid before entering the Bleacher. Atmospheric air is aeoitted to

the Bleacher to scrub out dissolved nitric oxide in the acid 
steam. This

air my be used to make up any oxygen doficioncy rquired in the .Nitric

Absorber for nitric oxide oxidation, or by-passed arounlthe Aba-orbr to

the stack, should the volume required for bleaching exceed that required

for oxidation. The bleached acid flows to the Nitric Cooler, T-C-3, from
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'which tank it Is pumped at a controle rate to the nitri cdFato.-tore , ae6ot ric acid Fraction-ato. T--4 and T-n-4, for concntration to 6o to 61% strength. Thisacid is set to the waste metal removal facilities and used to dissolve
metal wastes. Wter-.cooled coils are located on the bubble-.cap platesin the Nitric Absorber to.remove the beat of formation of the nitric acid(ca. l8,ooo B.t.u. per lb, mole N02 absorbed). The water from these coilsis reused In the Gas Cooler before being sent to the retention basin.

A material balance flowsheet for the acid recovery operations is
shown as Part Of Figure V~i..2.

A sml amount of entrained uranium (about 3 lb./day as UNH) is ex-Pected to enter the acid recovery system via the decomposition pot gases.(See Figure VIIIr.2.) About 2 1b. enters the dilute acid formed in theGas Cooler; the remaining I lb '1s found in the dilute acid product fromthe HQ Absorber. As shown in Figure VIII-2, the UNE content in the6- 6$pacti Product (from both product concentration and nitrogen oxide
absorption sources) is about 0.12 wt. %. This 6$% acid is utilized indissolving uranium slurry removed from undergrud.
2. Reedy of Off-Standard Conditions

2.1 Righ chloride content in Absorber

The trace uantities of chlorides, introduced to the Nitric Absorberthrough the Condete feed water or by way of the decomposition pot gases,Vill acCUhn n in the Absorber due to a distilation and reabsorptionPhenomenn which occurs in the nitric acid. These chlorides exist in thesystem a hydroloric acid and are usually found at their greatest con-centration In nitric acid of a strength between 22.0 and 23.5% HN03' Abuild-up of chlorides In the Absorber will result in serious corrosionto the staiglesa steel in contact with the nitric acid which containsthe high local concentration of chlorides. The recommended practice isto Purge the colun whenever the chloride concentration reaches 0.0%
in nitric acid of the aforementioned concentration. This is accomplishedby sampling the Absorber at those plates .containing nitric acid of thiscritical concent on range and determining the chloride content, Shouldthe chloride content indicate a flush to be necessary, the water feed ratemay be increased to decrease the mke acid strength to about 20% and purgethe chlorides out through the bottom of the Absorber. This method resultsin a momentary surge of week product acid, but the Absorber can be brought

beck to noral cornditions readily by reducing the water feed until thedesired acid strength is attained. An alternate flushing method, whichmay be used, consists of purging, through the samplers, the individual
Absorber plates ofl which high local concentrations of chloride are found.This method Is lengthy and does not give positive assurance of completechloride removal, since the plates are not completely drainable.
2.2 High niric oxide content in acid

The presence of dissolved nitric oxide in the Absorber acid is made
evident by the orange deolw or greenish color of the acid. It is desir-
able to miain the dissolved oxides at a minimum, since they represent
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a loss and cause subsequent fming whenever the acid is

solved oxide content of 0.5% (below which the acid is substalntially color-
le) orlesisnt onsiderd objectionable. The concentration of dis-

less) or less is not considered of the air
solved oxides is a function Of the quantity and temperature of teqir

entering the Bleacher. This air flaw should be regulated, as required, to

mainting about 5% excess oxygen in the Absorber exhaust. Should more air

be required to affect goad bleaching, the bypass line from the Bleacher to

the stack may be used so as to prevent overloading of the Absorber with ex-

cess Bleacher air.

The no2 content of the 40 acid is smal (probably considerably less

than 0.1%). The greater portion of tonctronof l in
overhead (either dissolved in condensate or out with noncondaleibS in h

the practiomtor). 102 concentrations up to 0.1% my be tolerated in the

recovered acid.

2.3 High nitric oxide content in stack gas

The presence of excess nitric oxides in the stack gas, as evidenced

by orange-red coloration, represents a recovery loss and a hazard to per-

~ sonmml working in the immediate area.* The several possible causes and

-S remedies for this condition are discussed below.

(a) Insufficient air admitted to the absorption system, either by

way of the decomposition pots or the Bleacher, will result in

high stack losses. Since oxygen is required for the efficient

absorpti3n of the nitrogen peroxide, an oxygen deficiency will

result in nitric oxide being discharged to the stack.

(b) The tower and condensate feed water temperatures influence the

stack loss to a large extent. Insufficient cooling water

through the plate cooling coils results in an adverse condi-

tion for nitric oxide oxidation and absorption. Warm feed

water introduced at the top plate of the Absorber will have

the same effect.

(c) Insufficient feed water to the colun will result in a rise in

acid concentration with a corresponding decrease in absorption

efficiency and increased stack loss.
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FIGURE I-I
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